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The aim of this Master’s Thesis was to assess the radiofrequency exposure of beauty 
care appliances and to be able to evaluate the safety of the devices according to the lim-
its issued in the regulations for the exposure of electromagnetic fields. The treatments 
with radiofrequency beauty care appliances are usually associated with some degree of 
local tissue heating, thus the effects of excessive heating might cause some thermal 
damage in tissues.   
In the literature survey of this Thesis, the principles of radiofrequency (RF) radiation 
and its interaction mechanisms with biological tissue, the properties of human tissues, 
the structure and operation of RF beauty care appliances and different dosimetric as-
sessment methods of radiofrequency radiation exposure are studied. To study the opera-
tion and output power of the RF beauty care appliances, a moveable power measure-
ment set-up was developed. In this set-up the RF power, which connects to resistors 
representing human body and its impedance, was determined from the output signal 
with an oscilloscope. 
A model simulating a human forearm made of cylindrical container and tissue simulat-
ing liquid was fed with radiofrequency power of RF beauty care device under review. 
The temperature increase in the liquid was measured below the RF treatment electrode. 
An output power of the device, which was obtained from the temperature increase 
measurements, was used as an output power when assessing the exposure in numerical 
simulations with Finite Difference Time Domain (FDTD) method in homogeneous and 
heterogeneous human models. The numerical simulation model was successfully vali-
dated with the temperature increase measurements.  
The dosimetry of the RF exposure was based on simulations with heterogeneous model. 
The simulations showed that the distribution of the specific absorption rate (SAR) in the 
heterogeneous tissue model was really superficial, and maximum 10 g average SAR 
value might exceed the public exposure limit values. This value was determined to be 
650 W/kg ± 38 % (k=2), meaning that when considering the public exposure limits, the 
treatment electrode can be held in one place for 1,1 seconds in head and trunk area and 
2,2 seconds in limbs. The power measurement set-up can be used for getting more in-
formation on the appliances for surveillance use, but it still needs to be developed fur-
ther to obtain more reliable estimations on the exposure of the device being measured. 
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Tämän diplomityön tarkoituksena oli tutkia altistumista kauneudenhoitolaitteiden radio-
taajuiselle säteilylle ja arvioida sovellusten turvallisuutta vertaamalla niiden aiheuttamaa 
altistusta sähkömagneettisen säteilyn raja-arvoihin. Radiotaajuista säteilyä käyttävät 
kauneudenhoitolaitteet aiheuttavat yleensä paikallista lämpenemistä kudoksissa, jolloin 
liiallinen lämpeneminen voi aiheuttaa kudoksiin vaurioita. 
Työn kirjallisuusosiossa käydään läpi radiotaajuisen säteilyn perusteet sekä sen vaiku-
tusmekanismit biologisissa kudoksissa, ihmisen kudosten ominaisuuksia, radiotaajuista 
säteilyä käyttävien kauneudenhoitolaitteiden toimintaperiaatteet ja erilaisia dosimetrisia 
metodeja radiotaajuisen säteilyn altistuksen arviointiin. Liikuteltava tehonmittausmene-
telmä kehitettiin kauneudenhoitolaitteiden toimintamekanismien ja tehon selvittämisek-
si. Tällä menetelmällä radiotaajuinen teho, joka kytkeytyy ihmiskehon impedanssia si-
muloiviin vastuksiin, voidaan määrittää ulostulosignaalista oskilloskoopilla.  
Ihmisen käsivartta simuloivaan lieriömäiseen kudosta simuloivalla nesteellä täytettyyn 
malliin syötettiin tutkittavalla kauneudenhoitolaitteella radiotaajuista tehoa. Lämpöti-
lannousua hoitoelektrodin alla mitattiin ja mittauksista määritettiin myös laitteen teho, 
jota käytettiin syöttötehona numeerisissa simuloinneissa. Altistusta arvioitiin homo- ja 
heterogeenisiä käsivarsimalleja käyttämällä aika-alueen differenssimenetelmällä 
(FDTD). Numeeriset simuloinnit validoitiin onnistuneesti lämpötilannousumittauksilla. 
Radiotaajuisen säteilyn dosimetria perustui heterogeenisen mallin numeerisiin simuloin-
teihin. Simuloinnit osoittivat, että ominaisabsorptionopeuden (SAR) jakauma hetero-
geenisessä kudosmallissa oli erittäin pinnallinen ja maksimi 10 gramman keskiarvoinen 
SAR-arvo saattaa ylittää sähkömagneettisten kenttien väestölle asetetut raja-arvot. Tämä 
simulointien 10 gramman SAR-arvo oli 650 W/kg ± 38 % (k=2), mikä käytännössä vä-
estön raja-arvoihin verratessa tarkoittaa sitä, että hoitoelektrodia voi pitää samassa koh-
dassa iholla 1,1 sekuntia pään ja torson alueella, ja 2,2 sekuntia raajoissa. Kehitettyä 
tehonmittausmenetelmää voidaan käyttää lisätiedon selvittämiseen valvontatarkoituksis-
sa, mutta menetelmää tulee vielä kehittää, jotta saadaan luotettavampaa tietoa mitatun 
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The market of RF beauty care appliances is still quite scattered and poorly regulated, 
including beauty care devices for both professional beauty salon and domestic use. 
Some retailers require having an active beauty salon to be able to buy the more power-
ful devices, but there are no regulations regarding the education of the ones giving the 
treatments at the salons. Also, as there still is barely no surveillance over these appli-
ances, it is possible that non-professional people buy these devices for domestic use too. 
The RF beauty care appliances have vastly varying output powers in a frequency range 
of 300 kHz-10 MHz. The appliances are used in contact with skin, thus they expose the 
user to varying RF currents which can cause excessive heating of the tissues.  
In this Master’s Thesis, the structure and operation of the RF beauty care appliances, the 
absorption of the RF power to the tissues and the dosimetry of one appliance under re-
view are discussed in detail. To get the best possible overview on the dosimetry of the 
devices in the market with just one appliance, the RF beauty care appliance chosen to be 
studied was relatively cheap and therefore quite a common model. A power measure-
ment set-up was developed to study the output signal and determine the power of these 
RF devices. This set-up can be used as a part of the process of determining the RF ex-
posure and therefore on the surveillance of the safety of these devices. 
The power absorbed into the tissues is described as specific absorption rate (SAR) val-
ues. The exposure was studied with a cylindrical homogeneous liquid phantom as tem-
perature increase measurements. This measurement set-up was then simulated with a 
numerical model and Finite Difference Time Domain (FDTD) method. The study was 
conducted at the laboratory of Non-ionizing radiation surveillance unit of Radiation and 
Nuclear Safety Authority.  
The exposure of a human body due to the RF beauty care appliance under review was 
simulated with homogeneous and heterogeneous numerical models. The models were 
validated with the temperature increase measurements. The purpose of this study is to 
assess the RF exposure of beauty care appliances and to be able to evaluate the safety of 
the devices according to the limits issued in the regulations for the exposure of electro-
magnetic fields.  
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2. THEORETICAL BACKGROUND 
In the background section of this Master’s Thesis, basics of the radiofrequency radiation 
and its use in beauty care are presented. To understand the biological effects of these 
treatments, the interaction mechanisms of radiofrequency current in the biological tissue 
were studied. Different dosimetric assessment methods of radiofrequency radiation ex-
posure are presented to familiarize the reader to the topic before describing the methods 
of this study. 
 
2.1 Electromagnetic radiation 
In this section, the basic principles of electromagnetic radiation are studied. If described 
by one sentence, electromagnetic radiation can be said to be the energy carrying waves 
of the electromagnetic field. Electromagnetic radiation (EMR) consists of electromag-
netic waves propagating at the speed of light through a vacuum. The radiation is formed 
by a charged particle being accelerated, meaning that a time-varying changing current is 
acting as a radiation source. Electromagnetic radiation consists of electric and magnetic 
field components oscillating in phase vertically to each other and to the orientation of 
the energy propagation. These oscillating fields together form an electromagnetic wave. 
(Räisänen et al. 1993 pp. 9) 
Electromagnetic wave has a wavelength, which can be defined as a distance between 
two adjacent crests of the wave. Frequency is the rate of oscillation of the wave and it is 
inversely proportional to the wavelength as seen in the equation 1 below 
   𝜆 =
𝑐
𝑓
,         (1) 
where 𝜆 is the wavelength, c is the speed of the light in a vacuum (2,998·108 m/s) and f 
is the frequency of the wave. (Jokela 2006a pp. 44-45, Räisänen et al. 1993 pp. 9) 
Electromagnetic radiation has a wave-particle duality, meaning that it can be described 
by not only waves, but also particles. Waves consist of photons, which are quanta acting 
as energy transporters. Planck’s equation describes the energy per one photon as follows 
   𝐸 = ℎ𝑓,        (2) 
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where E is the energy, h is Planck’s constant (6,626·10-34 Js) and f frequency, so the 
higher the frequency, the more energy in the EMR. (Jokela 2006b pp. 16-17, Räisänen 
et al. 1993 pp. 9) 
Due to the amount of energy per quantum, the EMR can be divided into ionizing and 
non-ionizing radiation. When EMR interacts with molecules and atoms of the medium, 
it is ionizing if its photons have enough energy to ionize atoms and therefore cause reac-
tions in the medium. In non-ionizing radiation, the photons have less energy and thus 
cannot ionize atoms. (Jokela 2006b pp. 16-17) Electromagnetic spectrum can be seen in 
Figure 1 below.  
 
Figure 1. Electromagnetic spectrum, where RF=radiofrequency waves, 
MW=microwaves, mm=millimeter waves, IR=infrared radiation, 
UV=ultraviolet radiation and radio frequency bands of EHF=extremely high 
frequencies, SHF=super high frequencies, UHF=ultra high frequencies, 
VHF=very high frequencies, HF=high frequencies, MF=medium frequencies, 
LF=low frequencies and VLF=very low frequencies. (modified from Räisänen et 
al. 1993 p.10) 
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Gamma rays and X-rays are classified as ionizing radiation, and because of their capa-
bility of ionizing atoms, they can cause DNA damage in the biological tissue. By its 
wavelength, the non-ionizing radiation can be classified into ultraviolet radiation, visi-
ble light, infrared radiation, radiofrequency radiation and low-frequency and static elec-
tric and magnetic fields. (Räisänen et al. 1993 pp. 9-11) The effects of non-ionizing 
radiation are diverse, and depend on the power, frequency, pulse form and duration of 
the exposure. (Jokela 2006b pp. 16) The photon energy needed for ionizing matter is at 
least 12 electronvolts (Räisänen et al. 1993 pp. 11), thus the border of the frequency 
between ionizing and non-ionizing radiation calculated with the equation 2 is around 
3·1015 Hz.  
 
2.1.1 Radiofrequency (RF) radiation 
Electromagnetic radiation in the frequency range of 3 kHz to 300 GHz is called radiof-
requency (RF) radiation. The radio spectrum can be divided into frequency bands, of 
which are seen in the Figure 1. (Räisänen et al. 1993 pp. 9-11) The properties of an elec-
tromagnetic field vary with the distance from the source and the field can be divided 
into radiative and reactive components. (Advisory Group on Non-ionising Radiation 
2012, Jokela 2006a pp. 45-46) 
The radiative component of the field propagates energy out of the source, and energy 
stored around the source can be considered to relate to the reactive component. The re-
active part dominates in the reactive near-field area close to the source (r ≤ 
𝜆
2
 where r is 
the distance to the source) and the radiative component in the far-field region, further 
away from the source. The energy stored in the reactive field components can be ab-
sorbed and therefore set a major part to the near-field region exposure. (Advisory Group 
on Non-ionizing Radiation 2012, Jokela 2006a pp. 45-46) 
RF coupling into the human body can happen through direct or indirect mechanisms, 
depending on the frequency and the RF source distance from the body. Coupling can 
produce the induction of fields, currents or a temperature increase in the body. (Adviso-
ry Group on Non-ionising Radiation 2012) The physical quantity recognizable with 
most biological effects at frequencies below 100 kHz is the electric field strength, relat-
ed to the current density. For frequencies higher than 10 MHz, the more appropriate way 
to assess the exposure to RF radiation is the rate at which the tissue is heated. Between 
these frequencies, both methods can be used to assess the exposure. (IEEE 2002) The 
coupling of RF and human body is being studied more thoroughly in the section 2.2. 
Many sources expose people to RF fields nowadays. These sources are for example ra-
dios, TV transmitters, mobile phones and their base stations, telecommunications links, 
satellite communications, Wi-Fi and other wireless applications. Radiofrequency radia-
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tion is also used for example in some medical applications, like magnetic resonance 
imaging and destroying cancerous tissue by heating it with RF radiation. (Advisory 
Group on Non-ionizing Radiation 2012, Durney et al. 1986) Some cosmetic treatments 
also use beauty care appliances which are based on RF radiation.  
2.1.2 Specific Absorption Rate (SAR) 
Specific absorption rate (SAR) is a widely used physical quantity representing the expo-
sure to radiofrequency fields. SAR is used in the measurement and computation of elec-
tromagnetic fields both in the near and far field of the source. SAR varies greatly with 
frequency, polarization and spatial location within a medium. The SAR values are used 
to gain an important information about the spatial distribution of absorbed RF energy, 
especially in regard to different organs of the exposed human. (IEEE 2002)  
Widely used measurement methods for SAR include the measurement of the internal 
electric field strength and the rate of temperature rise in the exposed medium. There is 
no such measurement technique that was valid over the whole wide RF range. The 
physiological effect of the RF radiation is the absorption of the electromagnetic energy 
to the exposed tissues, resulting in thermal load of the tissue. SAR is assessed to be a 
link between the external RF field exposure and the temperature rise in the tissue, either 
a specific local or whole-body-averaged SAR. (IEEE 2002) 
SAR is defined by the power absorbed in an element divided by the mass of the element 







,       (3) 
where 𝜎 is the conductivity, 𝜌 is the density of the medium, E is the RMS value of the 




the rate of temperature rise. (IEEE 2002, Jokela 2006a pp. 48-50) 
When exposing a human body to the radiation from external RF device, the SAR as-
sessment can be done by using simulating phantoms in the place of the human body. 
(IEEE 2002) This is because the relationship between the internal power absorption in 
the tissue and the external fields is highly complex when applying the device into a skin 
contact. (Lehto et al. 1998) Typical exposure type of RF radiation in beauty care is the 
near-field exposure, thus a local SAR can be determined for these treatments.  
The reason for the near-field exposure being the typical exposure type in beauty care is 
the fact that the beauty care devices are used locally on small areas of the skin, and the 
power of these devices is not relevant enough to have a meaningful SAR value for the 
whole body. Thus, it is justified to use the near-field exposure as an assessment for the 
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exposure of beauty care appliances when considering the safety and biological effects of 
them.  
2.2 Interaction of RF radiation and tissue 
In this section, the anatomy of the skin, and electrical and thermal properties of the tis-
sue are studied to understand the interaction mechanisms of the RF current in the bio-
logical tissue. Also, the possible effects of RF radiation in the tissue due to these mech-
anisms are discussed in the section. 
2.2.1 Anatomy of the human skin 
Human skin, the largest organ of the body, consists of three primary layers seen in Fig-
ure 2 below: the epidermis, dermis and hypodermis. (Arda et al. 2014, Bjålie et al. 2007 
pp. 22-25, Lahtinen et al. 1997) The thickness of the skin varies vastly depending on the 
body site, gender, age and individual characteristics. (Arda et al. 2014, Snyder et al. 
1992 pp. 46-50) The Reference Man of the ICRP Publications offers some mean values 
for the thickness of the epidermis and dermis for different body sites for males and fe-
males of ages 15-89 years. In terms of this study, it is essential to have some estimations 
of the epidermis and dermis thicknesses in body regions like head, trunk, arms and legs, 
since those are the sites the RF treatments usually are applied to, and the thickness of 
the skin may have an impact on the behavior of the RF wave. The measured values for 
the combined epidermis and dermis thicknesses in the face area are around 2320 µm, for 





Figure 2.  A schematic of the structure of the skin showing the three primary layers 
on the left (modified from Bjålie et al. 2007). 
 
Epidermis 
Epidermis can be divided into four layers. Cells undergo division and differentiation 
during their life span, division taking place in the deepest part called basal layer and 
differentiation in the overlying layers. Above the basal layer lies the layer called stran-
tum spinosum responsible of the production of fibrous keratin protein and above that a 
region known as strantum granulosum. In strantum granulosum the cells gradually lose 
their form and become more flat in shape. Finally, the nucleus and intracytoplasmic 
organelles degenerate. (Arda et al. 2014, Lahtinen et al. 1997, Nuutinen 1997)  
The outermost layer of epidermis called strantum corneum consist of dead keratinized 
cells. These cells are flat, large in size and filled with keratin. When the outer cells get 
worn out, new cells are formed in the inner layers of the epidermis and slowly moving 
up, differentiating and filling up with keratin, eventually replacing the old cells on the 
outermost layers. This keratinized layer keeps the water in the body and pathogens out. 
Strantum corneum forms about 25% of the thickness of the epidermis on most body 
parts, excluding palms and soles where the layer is thicker. (Arda et al. 2014, Bjålie et 
al. 2007 pp. 22-25, Nuutinen 1997) 
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The epidermis also contains melanocytes, which are responsible of the pigment of the 
skin and absorbing UV-radiation. They are located in the basal cell layer. Also, a part of 
the immunologic defence function, Langerhans cells, form a small part of epidermis. 
The epidermis does not contain blood vessels, the nutrients exude to the epidermal cells 




The dermis lies underneath the epidermis and is formed of epithelial tissue containing 
connective tissues, blood vessels, lymphatic vessels, blood cells, nerve endings, hair 
follicles and their muscles, sweat glands and sebaceous glands. Most of the dermis is 
connective tissue, which is formed of collagen fibrils, elastic fibers and extracellular 
matrix (ECM), the weight per cents being 90 %, 5 % and 5 %. These protein fibers give 
the tissue strength, and elasticity. (Bjålie et al. 2007 pp. 22-25) Most of the cells of the 
dermis are fibroblasts (Nuutinen 1997). The blood circulation in the dermis has an im-
portant role in the thermoregulation of the body. (Bjålie et al. 2007 pp. 22-25) 
The interface between the dermis and epidermis is called the basement membrane. 
There is a division of the dermis into a two parts due to its structure: the superficial pa-
pillary dermis and the deeper and thicker reticular dermis. Collagen fibres in the papil-
lary dermis are fine-structured and packed loosely, whereas in the reticular dermis the 
fibres are thick and densely arranged. More loosely arranged and thinner elastic fibres 
locate mainly in the reticular dermis. In between the fibres lies a nonfibrous material 
consisting of multiple different mucopolysaccharide molecules called proteoglycans. 
(Arda et al. 2014, Nuutinen 1997) 
The papillary dermis is highly vascularized with a 12 to 14 times higher capillary densi-
ty than that of reticular dermis. The blood vessels in the papillary dermis are smaller in 
their diameter than the blood vessels in the reticular dermis. Also, the amount of smooth 
muscle cell layers covering the endothelial cells of arterioles differ in these two regions 
as in the papillary dermis there is one or two layers of muscle cells and in the reticular 
dermis from four to five layers. The outermost layer of the venules and arterioles con-
sists of fibroblasts. (Nuutinen 1997) 
 
Hypodermis 
The hypodermis, also known as subcutaneous tissue, lies beneath the dermis and con-
sists of loose connective tissue and varying amount of fat tissue. It is an important stor-
age for fat cells and an effective thermal insulator. The hypodermis also contains large 
9 
amounts of tissue fluids, making it a major storage of fluids also. (Arda et al. 2014, 
Bjålie et al. 2007 pp. 22-25) 
2.2.2 Properties of the human tissue 
The human body can be seen as a dielectric structure constructed from multiple dielec-
tric components, as it contains free and bound charges like ions, polar molecules and 
internal cellular structure. Polarization and ionic drift occur due to external electric 
fields in the tissues, when the electric charges are shifted from their positions. Permittiv-
ity and conductivity are the dielectric properties which cause these effects, determining 
the interaction between the electric field and human tissue. (Nuutinen 1997, Sunaga et 
al. 2002) Human body is also capable of transferring heat. The possible temperature 
gradient occurring in the body leads to energy transportation, which is characterized by 
thermal properties of the tissue (Bowman et al. 1975), being specific heat capacity, 
thermal conductivity and thermal diffusivity.  
Human tissues are inhomogeneous and layered, therefore they have variability in struc-
ture and composition between individuals and ones body parts. Hence, also the dielec-
tric and thermal properties of different tissues have considerable variability. (Sunaga et. 
al 2002) In a biological tissue, the dielectric properties arise from the interaction of elec-
tromagnetic radiation with its molecular components. Dielectric properties are also fre-
quency and temperature dependent. (Gabriel et al. 1996a) 
 
Dielectric constant and conductivity 
A conductor is a material with free charges, and conductivity is a measure of how the 
charge carriers are moving in the medium under the influence of the EM field. The ori-
entation of dipolar molecules due to an external field determines the dielectric constant 
relative to free space. The conductivity (σ) and the dielectric constant or permittivity (ɛ) 
are the parameters which define the electrical characteristics of a biological material. 
(Foster et. al. 1989, Gabriel et al. 1996a) The sort and extend of the ionic content and 
mobility vary between tissues, leading to different ionic conductivities of the tissues. 
(Gabriel et al. 1996a) 
The dielectric properties of tissues can be determined from their measured complex 




′′,       (4) 





,        (5) 
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and the permittivity can be calculated from these as follows 
ɛ = ɛ0(ɛ𝑟
′ − 𝑗ɛ𝑟
′′),       (6) 
where σ is the total conductivity of the tissue, ɛ0 is the permittivity of free space and ω 
the angular frequency of the field. Conductivity can be divided into two parts, one due 
to ionic conduction and other dielectric relaxation. The parts are called frequency-
independent and frequency-dependent part, respectively. The complex permittivity in-
cludes an imaginary part as a result from the losses leading to the production of heat in a 
material. The losses are in consequence of the friction when polar molecules cannot 
rotate or oscillate in the EM field as the surrounding particles resist the movement. This 
leads to heat production in the medium. Also, the conductivity can cause losses, if there 
are free charges available. (Foster et al. 1989, Gabriel et al. 1996a) 
The dielectric parameters of few human tissues in the RF range of the beauty care 
treatments are represented in the Appendix 1 (Andreuccetti et al. web page 2018). The 
parameters on the web page are based on the research and calculations of Gabriel et al. 
(Gabriel et al. 1996a,b,c) 
In addition to the complex permittivity form, the dielectric properties of tissues can 
sometimes be represented as tissue impedances. This way has been commonly used in 
the older physiologically oriented literature. However, buildup of charge density and 
electrical conduction are more logically presented in the parallel-equivalent (complex 
permittivity) form. (Foster et al. 1989) 
 
Dispersion, relaxation and characteristic frequency 
When a physical displacement of charge induces a voltage step function, dielectric po-
larization occurs. The response of a biological tissue to this function can be described 
by a relaxation process. With the angular frequency of the sinusoidal field, the frictional 
forces change and have an effect on the charge displacement. The characteristic relaxa-




.        (7) 
At frequencies lower than characteristic frequency, the tissue has a high relative static 
permittivity. This is a result when the orienting torque of the dipolar molecule is higher 
than the resistive forces. A low value of relative permittivity is produced at frequencies 
higher than the characteristic frequency, when the orienting torque is lower than the 
frictional forces. The change in relative permittivity within frequency is called a dielec-
tric dispersion. (Lahtinen et al. 1997, Nuutinen 1997) 
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Dispersive behavior is caused by relaxation mechanisms, since the relative permittivity 
at frequencies under 100 Hz can vary between maximum values of up to 106 or 107. At 
high frequencies, the relative permittivity decreases in three main steps, known as α, β 
and γ dispersions. The α dispersion is linked with diffusion processes of ions in the cel-
lular membrane in the low frequencies. The β dispersion results mainly from the polari-
zation of cellular membranes blocking the flow of ions through them. The β dispersion 
can also happen due to the polarization of proteins and organic macromolecules, work-
ing in the frequency range of hundreds of kilohertz. The γ dispersion happens at the ra-
dio frequencies of gigahertz in consequence of the polarization of water molecules. 
(Gabriel et al. 1996a, Kuang et al. 1998, Nuutinen 1997)  
 
Thermal properties 
Thermoregulation describes the maintenance of the normal range of body temperature 
in various thermal load conditions. For a human body, thermal load comes from chang-
es in the heat production in the body, but also from alterations in surrounding conditions 
like temperature, vapor pressure, air velocity and clothing. Humans are endothermic in 
their pattern of thermoregulation, meaning that the body temperature depends on a high 
and regulated metabolic heat production. (Adair et al. 2003) 
The characteristic body temperature of humans is around 37 ± 0,5 °C, in which most of 
the vital organs function most efficiently. Small variations in temperatures between in-
dividuals are normal, but significant varying of the body temperature is a result of exer-
cise or disease states. These variations have a temperature range from 35,5 to 40 de-
grees. (Adair et al. 2003) 
Heat transportation may occur through conductive, convective or radiative processes. 
Thermal conductivity k of material is the property of conducting heat and is defined as 






,        (8) 
where A is the cross-sectional area and 
𝜕𝑇
𝜕𝑥
 is the gradient of temperature in the direction 
of the heat flow. The equation is valid in steady state conditions and when the heat 
transfer depends only on the temperature gradient. The SI unit for thermal conductivity 
is watt per meter kelvin (W/mK). (Bowman et al. 1975, Duck 1990 pp. 9) 
When there are unsteady state conditions, the quantity thermal diffusivity α=k/ρC is 
used. C is the specific heat capacity of the material, the density is ρ and thermal diffu-
sivity α (unit of m2/s) is related to the spatial and temporal variation of temperature in 




= 𝛼∇2𝑇,        (9) 
where T is the spatial and temporal variation of temperature. The thermal diffusivity 
depicts the ability of a system to return to steady-state conditions, meaning that it de-
termines a numeric value of the relative time rate of temperature change. (Bowman et 
al. 1975, Duck 1990 pp. 9-10) 
In solid materials, heat is conducted by different carriers such as electrons, magnetic 
excitations, lattice waves and electromagnetic radiation. When summing the input of 
each carrier, the total thermal conductivity can be determined. (Bowman et al. 1975) 
The heat transfer process of the human body is strongly affected by the perfusion of the 
living tissue. Perfusion means the passage of fluids, like blood flow through the circula-
tory system. As the metabolic processes generate heat within the tissue, the heat transfer 
process should include the effects of that convective flow from the origin site. An equa-
tion called bio-heat equation considering these factors has been given by Pennes (1948) 




= ∇(𝑘∇𝑇) − 𝑚𝑏𝐶𝑏(𝑇 − 𝑇𝑏) + 𝑄𝑚,   (10) 
where mb is the mass flow rate, Cb specific heat, Tb temperature of the perfusing blood 
and Qm is the rate of metabolic heat production. (Duck 1990 pp. 10-11) 
The specific heat capacity C describes the quantity of heat required to raise the tempera-
ture one degree in the unit mass of the medium. The equation to derive the specific heat 




,        (11) 
where Q is the quantity of heat, M is the mass and ∆𝑇 is the temperature change. The 
unit of the specific heat capacity is joule per kilogram kelvin (J/kgK). (Duck 1990 pp. 
27)  
According to Dewhirst et al. 2003, the thermal properties of human and pig skin are 
highly similar (Dewhirst et al. 2003), thus when lacking the values of thermal properties 
of human tissue, porcine data can be used. The values of the thermal properties of hu-
man and porcine tissues (Duck 1990 pp. 13-28) are represented in Table 1 below.  
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Table 1. Thermal properties of human and porcine tissues. For a review, see 1) Duck 




ty C (J/kgK) 
Thermal conduc-
tivity k (W/mK) 
Thermal diffu-
sivity α *103 
(cm2/s) 
Blood 3840 (1 0,53 (2 - 
Bone (cortical) 1300 (1 0,37-0,50 (2 - 
Brain (white matter) 3600 (1 0,51 (2 - 
Brain (grey matter) 3680 (1 0,50-0,58 (2 1,49 (3 
Cardiac muscle  3720 (1 0,54 (2 1,47 (3 
Fat - 0,23-0,27 (2 - 
Fat (porcine) 2250-3920 (1 0,15-0,17 (2 - 
Kidney 3890 (1 0,51-0,56 (2 1,32±0,12 (3 
Liver 3600 (1 0,51 (2 1,41 (3 
Muscle  - 0,45-0,55 (2 - 
Muscle (porcine) 3060-3870 (1 0,43-0,51 (2 1,25 (3 
Skin dry - 0,39 (2  - 
Skin wet - - - 
Skin (porcine) 3150-3710 (1 0,36-0,38 (2  - 
 
2.2.3 Interaction of RF radiation and human body 
Radiofrequency electromagnetic waves can interact with tissue through multiple ways. 
As the RF radiation can be divided into electric and magnetic fields, these fields have 
their own interaction patterns. Tissues are nonmagnetic material, thus mainly the ap-
plied electric field interacts with the charges in tissues. The charged particles in the me-
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dium are altered due to the forces of the RF electric fields. These altered charges can 
then produce additional electric and magnetic fields in the tissues. (Durney et al. 1986) 
The interaction of the RF electric field in the dielectric tissue can happen in three ways, 
these being polarization of bound charges, orientation of permanent dipoles and drift of 
conduction charges. Polarization of bound charges is an interaction between the electric 
field and bound charges. Restoring forces keep the bound charges tightly bound in the 
material, thus they can barely move at all. In their natural state, the negative and posi-
tive bound charges in molecules are cancelled out since they are superimposed upon 
each other. However, when RF electric field is applied to the tissue, the charges with a 
small distance separate into opposite directions and produce induced electric dipoles. 
(Durney et al. 1986) 
The mechanism of orientation of permanent dipoles is an effect where the randomly 
oriented permanent dipoles of molecules are aligned with the electric field applied. The 
thermal excitation of the body results on the randomly oriented dipoles and resists the 
alignment of them. On the average, a net alignment is still occurring and also producing 
additional fields. (Durney et al. 1986) 
The conduction charges, both electrons and ions, can move substantial distances in re-
sponse to forces of the electric field. As a result of thermal excitation a random motion 
of these charges occur, but the electric field induces movement called drift among con-
duction charges. The drift of these charges forms to a current. (Durney et al. 1986) 
Thus, the RF current flows in the tissue can be divided into induced and contact cur-
rents. The internal current flows are induced in the tissues when exposures to RF fields 
occur and contact current occurs in a touch contact of a current source. (IEEE 2002) 
Distribution of RF current in the tissue deviates from the corresponding distribution in a 
homogeneous medium, since it is dependent on the layered structure of the medium. 
This distribution in the skin can have a strong effect from two physical parameters, of 
which the first is dermis thickness and the second a current reflection coefficient at the 
interface of the different tissues, describing the difference in electrical properties of two 
adjacent media. The amount of modification depends on various parameters like tissue 
layer thicknesses and electrical conductivities. (Kruglikov 2015, Kruglikov 2016) 
According to Kruglikov, the different electrical properties in the layers of the tissue 
modifies the RF current distribution in the dermis and subcutaneous white adipose tis-
sue. Thus, the variations in the dermis thickness as well as the varying electrical proper-
ties lead to inhomogeneous current distribution and therefore inhomogeneous tempera-
ture profiles. (for a review, see Kruglikov 2015 and Kruglikov 2016) These inhomoge-
neous temperature profiles might lead changing exposure depending on the body site.  
Thermal and non-thermal mechanisms are another way to categorize the interaction of 
the RF radiation and biological tissue. (Adair 2003, Challis 2005) The interaction of RF 
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radiation and tissue at intensities greater than about 10 mW/cm2 happens through ther-
mal mechanisms, meaning that the temperature of the tissues is significantly raised. At 
intensities lower than 10 mW/cm2 the possible effects of the RF radiation are non-
thermal. (Adair 2003) 
 
Thermal mechanisms 
Thermal mechanisms of RF interaction with tissue are mainly related to the absorption 
of the energy of electromagnetic fields. The absorption is caused by the electrical con-
ductivity in biological tissues. A molecular motion is a result from the rapid energy 
transfer of the oscillating current generated by the RF electric field. The molecular mo-
tion is responsible for an increase in the local temperature. The translational motion of 
ions is only partly responsible to the electrical conductivity of the tissue. (Challis 2005, 
Durney et al. 1986) 
The other part of the formation of the conductivity arises from the molecule rotation, 
mainly from the water molecules. This is due to the large permanent dipole moment the 
water molecule has, and the random orientation of it. When electric field is present, the 
dipole moments are partially oriented along the direction of the field, as explained be-
fore. To rotate the dipoles, the field must do work against the thermal excitation of the 
water. This results in energy transfer into the liquid, causing the temperature to rise. 
(Challis 2005, Durney et al. 1986) 
That said, the temperature increase occurring as a result to the RF electromagnetic fields 
depends on the intensity and distribution of the field and the thermal and electrical 
properties of the tissue. These properties are such as permittivity, thermal conductivity, 
electrical conductivity, heat capacity and local blood perfusion (Adair et al. 2003, van 
Rhoon et al. 2013), presented in the previous section. Simplistically, the exposure to RF 
fields can be said to resemble the energy flows coming from the metabolic activity in 
the muscles during exercise, as great amount of thermal energy is formed directly into 
deep tissues in both cases. However, the RF field exposure has more complex patterns 
of interaction with tissues, cells and molecules. (Adair et al. 2003) 
To quantify the heat diffusion from the delivery point to the surroundings, the heat 











,      (12) 
where x is the single spatial variable, t is the time, T(x,t) is the temperature, ?̇? is the rate 





,        (13) 




Non-thermal mechanisms mean mechanisms that occur when the temperature increase 
is not relevant enough to have an impact on the biochemical reactions. Non-thermal 
interaction mechanisms of RF coupling with the body are not understood as thoroughly 
as thermal mechanisms. As the human tissues are nonmagnetic material, the RF mag-
netic fields do not have effects on the tissues since there are no magnetic dipoles in bio-
logical tissues getting affected by applied magnetic fields. (Durney et al. 1986)  
There are some studies about the RF magnetic field interacting with the tissue by some 
non-thermal mechanisms (for a review, see Challis 2005), but it seems that most of the 
mechanisms most unlikely lead to biological effects or at least do not have health effects 
at exposures below guidelines. For few mechanisms, it is not possible to say whether 
they have an impact on biological effect because of their complexity and therefore the 
lack of quantitative estimates of the SAR values. (Challis 2005)  
2.2.4 Effects of RF radiation to the tissue 
One way to assay the effects of RF fields in the body is to divide them into direct and 
indirect effects. The absorption of the energy from the RF waves is a direct effect, 
whereas indirect effects like electric shocks or burns are a result from internal current 
flow in the tissue. The electric shock can in some circumstances occur due to electrost-
imulation of the tissue and burn from rapid heating on localized area. Electrical burns 
are more complex than normal burns resulting from hot object contact. The electrical 
burns can occur also on the exit point of the current, and they are typically deeper than 
normal burns. (Advisory Group on Non-ionizing Radiation 2012)  
Another way to categorize the effects of RF radiation to tissues is by dividing them into 
thermal and non-thermal effects. At the frequencies above 100 kHz, the RF power ab-
sorbs into the tissue causing a thermal load, that might lead to thermal effects. Below 
100 kHz the voltage over the cell membranes starts to disrupt the cells, especially more 
electrosensitive cells like neurons and muscle cells, causing some electrical stimulation. 
(Lang et al. 2006 pp. 164-175) 
The threshold for electrical stimulations of neurons is around 3 V/m or 0,6 A/m2. The 
electric fields and currents induce cell membrane charges of the long neuron and muscle 
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cells. This leads to alterations on the membrane voltage and therefore on the electric 
field over the membrane. These changing electrical forces lead to an activation of sodi-
um channels, which initiates a depolarization of the cell membrane. This effect can 
cause some sensation of stimulation on the skin. (Lang et al. 2006 pp. 164-175) 
 
Thermal effects 
Thermal load or stimuli causes automatic physiological responses like sweating to re-
duce the heat in the body, but these automatic actions only initiate if the sensation of 
tissue warming is noticed in the body. The temperature sensitive nerve endings in hu-
man skin detect the heat load coming outside the body and through the skin, but organs 
inside the body do not have these temperature sensing nerves. As the lower RF frequen-
cies absorb to deeper tissues in complex patterns, the thermal sensation does not occur 
in the body and thermal damage can happen unnoticeably. (Adair et al. 2003) This can 
lead to some thermal damage also in the deeper tissues. 
Thermal damage means the tissue damage relating to temperature of the tissue depend-
ing on the time-temperature-damage relationships. According to Dewhirst et al., the cell 
death rate during heat exposure is exponential and depends both on the temperature and 
the exposure time. It has been seen from in vitro studies, that the cells exposed to heat-
ing with certain heating time and temperature showed a characteristic threshold temper-
ature for thermal damage. (Dewhirst et al. 2003) 
Over a limited range of temperature of 40-55 degrees, the rate of cell death is exponen-
tial. A breakpoint in this rate is detected to be around 43 °C, although the sensitivity to 
heat varies between tissues. Also, temperatures and exposure times discussed in publi-
cations considering hyperthermia or effects of heat differ a lot. However, this breakpoint 
is often generalized as a part of the thermal dose calculations. The effect of heat expo-
sure on cell death can be expressed as a CEM43°C value, where any time-temperature 
history is converted to a number of minutes of heating at 43°C. The value can be calcu-
lated as follows 
𝐶𝐸𝑀43°𝐶 = ∑ 𝑡𝑖 ∗ 𝑅
43−𝑇𝑖𝑛
𝑖=1 ,      (14) 
where CEM43°C is the cumulative number of equivalent minutes of heating at 43°C, ti 
is the i-th time interval, T is the average temperature during the time interval ti and R is 
related to the temperature dependence of the rate of cell death as follows: R (T  ˂ 43 °C) 
= 1/2 and R (T  ˃ 43°C) = 1/2. (van Rhoon et al. 2013, Yarmolenko et al. 2011) 
Although the severe heat stress has cytotoxic effects like induction of apoptosis and 
failure of cell cycle, minor increase of temperature might be beneficial to some cells. 
Mild heat stress can regulate cell proliferation and differentiation in a positive way by 
18 
enhancing growth factor receptor activation (for a review, see Park et al. 2004). The 
thermal mechanisms of the RF exposure of the tissues can for example lead to mecha-
nism of collagen shrinkage. 
 
Mechanism of collagen shrinkage 
The mechanism of collagen shrinkage is the main method thought to be involved in the 
lifting and tightening effects of the beauty care treatment appliances. Collagen has an 
important role in the elasticity of the skin, and together with proteoglycans, it is the ma-
jor structural component of extracellular matrix (ECM) and connective tissue of the 
skin. ECM is the structure that binds and supports the cells. Collagen is a primary load-
bearing structure of the tissues and also mechano-sensitive, thus collagen can be stabi-
lized against thermal and enzymatic degradation with a presence of mechanical load. 
(Chandran et al. 2012, Susilo et al. 2016, Uitto et al. 1987) The proteoglycans are com-
plex macromolecules providing the tissue with its volume by binding a great amount of 
water in its structure. (Nuutinen 1997, Uitto et al. 1987) 
There are at least 19 different collagen classification types. The most common type in 
the skin is type I collagen which forms 80-85 % of the dermal collagen. Other types 
presented in the skin are types III and V collagens. Type III collagen forms 10-15 % and 
type V collagen 4-5 % of the dermal collagen, spreading out throughout the dermis. 
(Uitto et al. 1987) The collagen of the skin is synthesized by the fibroblasts of the skin. 
(Nuutinen 1997) 
A collagen fibril (seen in Figure 3) consists of the basic monomeric component of pro-
collagen, which is a rigid rod-shaped molecule of approximately 300 nm in length and 
1,5 nm in diameter. Procollagen is formed of a central triple helical region of three al-
pha polypeptide chains and telopeptides, which are terminal disordered ends of the mol-
ecule and critical for fibril formation. (Chandran et al. 2012, Kadler et al. 1996) For the 
triple helix to form from the three alpha chains, these chains need an amino acid of gly-
cine at every third residue along each chain. So, each alpha chain in procollagen has a 
repeating structure of glycine and two variable amino acids. (Kadler et al. 1996) 
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Figure 3.   Schematic structure of collagen fibril and its formation (modified from 
Riso et al. 2016). 
 
The procollagen molecules self-assembly by hydrophobic and electrostatic interactions 
in the extracellular surroundings, forming a collagen fibril. At this point the fibril is not 
stable, being held together only by non-covalent interactions thus free to slide past one 
another. The nascent collagen fibril can therefore be disturbed by variations in tempera-
ture, pH, ionic strength and proteolysis. After the phase of self-assembling, the fibrils 
are stabilized in the extracellular environment by covalent cross-linking by the enzyme 
lysyl oxidase and non-enzymatic cross-linking by nitration and glycation, forming col-
lagen molecules. These individual collagen molecules are bound together via intermo-
lecular chemical cross-linkages, forming collagen fibers and granting them their high 
tensile strength characteristics and making them chemically stable against proteolytic 
enzymes. (Chandran et al. 2012, Nuutinen 1997) 
Fibroblasts control the degeneration of collagen with a specific enzyme collagenase. 
Collagenase releases a part of collagen molecule and allowing the proteolytic enzymes 
to continue to degrade the molecule. Fibroblasts are also responsible for the formation 
of the collagen surrounding substances, proteoglycans. (Nuutinen 1997) 
Most cross-links in collagen fibrils exist between procollagen monomers and require 
them to assemble into quarter-staggered arrays. With time, these cross-links convert into 
the complex non-reducible multi-valent forms, which are found in mature collagen tis-
sues and cause the decreased solubility of collagenous tissue with aging. (Chandran et 
al. 2012) 
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When heat is applied to the tissues, like in radiofrequency ablation, tissue shrinkage 
occurs due to denaturation of proteins, dehydration and contraction (shrinkage) of colla-
gen. (Rossmann et al. 2014) Soft tissues possess a stress-strain curve with characteris-
tics of initially low stiffness because of the rearrangement of the fibrils by entropy, fol-
lowed by an increasing stiffness at higher strain levels resulting from the enthalpic de-
formation – extension and bending – of the fibrillary tissue. (Susilo et al. 2016) 
Consequential to intermolecular cross-links, collagen molecules are organized like fi-
brils which causes them to have tensile properties. Applying heat to the tissue can cause 
rupturing of the intramolecular hydrogen bonds and unwinding of the triple helices, 
causing collagen to get denatured. This leads to the increase of the tension in the skin, 
since although the fibers of the tissue shorten, the heat-stable cross-links between mole-
cules are preserved, resulting to an increase of the elastic properties of the collagen pol-
ymer. (Sadick 2008) 
 
Non-thermal effects 
In general, the RF magnetic fields below public guideline values are not producing bio-
logical effects. There are multiple studies on the RF magnetic fields and their effects on 
the tissues, but any mechanisms suggested have not been widely accepted. Therefore, 
the knowledge at the moment is that there are no non-thermal effects of RF radiation to 
the human body, but further investigations might be needed later on some suggested 
mechanisms. (Challis 2005, Lang et al. 2006 pp. 138-149) 
 
2.3 Assessment of exposure to RF radiation 
A crucial part of any scientific research assessing RF radiation effects on biological 
systems is dosimetry. Widely accepted RF dosimetry parameter is SAR. Dosimetry 
means the determination of the amount of energy absorbed by a radiation exposed ob-
ject. The absorbed energy is directly related to the internal electromagnetic field (EMF), 
thus dosimetry is also deciphered to signify the determination of internal EMF. The do-
simetric assessment of localized SAR values can be done analytically (theoretical), nu-
merically (calculated) and by measuring methods (experimental). (Durney et al. 1986)   
Assessing the magnitude of RF-induced currents is complicated since there are different 
pathways for the currents to flow through in the body. For example, when the electric 
field is parallel to the axis of the body, the induced currents flow through the body 
through the legs to the ground, or some other part with the lowest potential surface con-
tacting the body. However, if there is a magnetic field exposure, the induced currents 
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typically circulate about the cross sections of the anatomy and the largest magnitudes 
are near the body surface. (IEEE 2002) 
These circulating currents commonly exit the body in a different way comparing to 
electric field induced currents, causing a major measurement challenge for the RF expo-
sure. Evaluation of induced currents needs to give consideration to both field contribu-
tions, magnetic and electric. Induced body currents need to be considered in the expo-
sure assessments at the lower frequencies, generally below 100 MHz but especially un-
der 30 MHz, and the assessment of excessive induced body currents mostly occurs in 
the near-field region of the RF source. (IEEE 2002) 
The dosimetric assessment of localized SAR values are often averaged over a tissue 
mass of either 1 or 10 grams for comparable values. The averaged SAR depends mainly 
on the location of the source and body part that is being exposed, as well as on the ge-
ometry of those. The main factors that influence the correlation between averaged SAR 
and the temperature rise are the penetration depth of the radio waves and the thermal 
diffusion length in the tissue. The thermal diffusion length depends highly on the rate of 
blood perfusion. (Advisory Group on Non-ionizing Radiation 2012) 
2.3.1 Analytical methods 
In theory, internal RF fields in any object or medium can be calculated with Maxwell’s 
equations (for a review see Sihvola et al. 1996). In the reality, solving the Maxwell’s 
equations for most of the cases is too challenging and therefore different combination of 
techniques is used for calculating SAR values for models of an average man. These 
techniques have frequency limits, meaning that each technique can be used only over a 
limited range of parameters. Different models and techniques combined together lead to 
a good estimation of SAR over a wide range of frequencies. (Durney et al. 1986) 
Some analytical methods are for example planewave dosimetry, near-field dosimetry, 
sensitivity of SAR calculations to permittivity changes, relative absorption cross section 
and qualitative dosimetry methods (for a review, see Durney et al. 1986). There are 
simpler analyses with simple geometrical models like homogeneous planar and spheri-
cal models, but calculations can be done also for inhomogeneous more realistic models 
of man. One-dimensional calculation models cannot predict body resonance and two-
dimensional models are suitable to be used mostly when calculating the SAR of the 
limbs. The more complicated models and the shapes like spheres and ellipsoids are 
three-dimensional and represent a human body better than other models, but are the 
most demanding calculation techniques of these cases. (Durney et al. 1986) 
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2.3.2 Numerical methods 
Numerical methods can be used to assess the electric field or temperature rise in human 
tissues, thus the exposure to RF emissions in human tissues can be evaluated. Numerical 
methods use numerical approximations of different algorithms to solve the problems of 
mathematical analysis. Numerical methods can be divided into two groups, being nu-
merical planewave dosimetric data and numerical near-field dosimetric data. (Durney et 
al. 1986) There are multiple numerical methods available for this purpose, two com-
monly used being the Finite Element Method (FEM) and the Finite Difference Time 
Domain method (FDTD). 
One example of the simulation program based on one thoroughly researched numerical 
method is SEMCAD X developed and provided by Schmid & Partner Engineering AG 
(SPEAG). SEMCAD X is a simulation platform for Electromagnetic compatibility, An-
tenna design and Dosimetry. For simulating biological tissue, the software uses a nu-
merical method of FDTD based on Maxwell’s equations. FDTD method can solve par-
tial differential equations in both time and space. (SPEAG web page 2018) SEMCAD X 
is used in this study due to its ability to make SAR computations for the human tissue.  
The averaged SAR value over 10 g cube is thought to be accurate enough, even if the 
power absorbed will be greater in some part of the cube than in others. However, the 
thermal diffusivity of the tissue is high enough to smooth out the temperature differ-
ences, making this fact to be of little significance. The SAR estimations in heterogene-
ous media gained by the FDTD method are researched thoroughly and are somewhat 
reliable. (Advisory Group on Non-ionizing Radiation 2012, Augustine 2010) 
2.3.1 Measurement methods 
As there is no measurement technique that is valid over the wide RF range, the dosimet-
ric measurements must be done regarding the used frequency. In general, techniques 
used in the frequency range below around 900 MHz are based on the measurement of 
the electric and magnetic field strengths. When evaluating near-field situations at fre-
quencies below a few hundred megahertz, measurements of both magnetic and electrical 
fields are required. (Durney et al. 1986, IEEE 2002) 
Body currents can be measured with simple, portable laboratory instruments over the 
frequency range of about 0 to 100 MHz. Over the frequency range of about 100 kHz to 6 
GHz SAR can be measured with RF-transparent temperature sensors and over the range 
of about 300 MHz to 3 GHz it can be measured in phantoms using electric field probes. 
At the frequency range of about 6 GHz to 300 GHz, thermographic cameras can be used 
to measure SAR on the surface since the absorption is confined to the surface of a bio-
logical system. (Durney et al. 1986, IEEE 2002) 
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2.4 Regulation of RF exposure 
Multiple authorities and guidelines regulate the exposure to EMF. Regulations are es-
tablished on health-based guidance to limit possible adverse health effects resulting 
from EMF exposure. The estimation on the health effects is done by using established 
scientific and medical knowledge and should be free of vested interest. (Ziegelberger et 
al. 2006) EMF regulation in Finland is based on the legislation, standards and guidelines 
in European Union. 
2.4.1 International guidelines and standards 
In 1996 the World Health Organization (WHO) constituted the International EMF Pro-
ject to protect public health and to serve reliable information on the health effects of 
EMF exposure. The International Commission on Non-Ionizing Radiation (ICNIRP) 
has developed a number of guideline values of EMF exposure in a cooperation with 
WHO. ICNIRP is an independent scientific non-governmental organization of non-
ionizing radiation protection for the WHO. The exposure limiting guidelines of ICNIRP 
have been constructed by thoroughly reviewing published scientific literature on the 
topic. The phenomena behind these guidelines of ICNIRP are established short-term 
immediate effects, such as peripheral nerve and muscle stimulation, shocks and burns 
resulting from touching conducting objects, and heat-stress from the absorption of RF 
energy causing a temperature rise in the tissues. (Ziegelberger et al. 2006)  
ICNIRP also works in close contact with International Electrotechnical Commission 
(IEC) which issues standards. Another EMF standardization organization is the Comité 
Européen de Normalization Electrotechnique (CENELEC). In addition to ICNIRP, an 
international organization which has been issuing guidelines establishing limits for 
EMF exposure is the Institute of Electrical and Electronics Engineers (IEEE).  
2.4.2 Legislation in the European Union 
In the European Union (EU) the EMF regulations are based on the recommendations of 
ICNIRP. Council recommendation of 12 July 1999 on the limitation of exposure of the 
general public to electromagnetic fields (0 Hz to 300 GHz) includes the exposure limits 
for the public. So that the effects on the cardiovascular and central nervous system are 
prevented, restrictions for magnetic flux density for static magnetic fields (40 mT) and 
current density for time-varying fields (8 mA/m2) are applied in the frequency range of 
0-1 Hz. To prevent heat stress of the body, basic SAR restrictions are provided between 
100 kHz and 300 GHz (seen in Table 2). (EU 1999) 
Comparing to the public, the exposure limit values are higher for workers in the EU. 
According to directive 2013/35/EU, the limiting SAR values averaged over six-minute 
period for workers are 0,4 W/kg for the whole body. Localized limiting SAR values 
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over 10 g of contiguous tissue are 10 W/kg for head and trunk and 20 W/kg for the 
limbs. (EU 2013) 
A new regulation (EU 2017/745) on medical devices was announced by EU Parliament 
and Council in 2017. In the Annex XVI of the regulation, beauty care treatment appli-
ances are mentioned in a list of groups of products without an intended medical pur-
pose, thus this regulation applies also on beauty care appliances. However, 2017/745 
regulation still lacks the technical information and limiting values on different devices, 
which are supposed to be added in later. (EU 2017) 
2.4.3 Legislation in Finland 
Legislation about the radiation protection in Finland is governed by the Radiation Act 
592/1991 (Säteilylaki 1991). The Ministry of Social Affairs and Health (STM) super-
vises compliance with the Radiation Act by directing the protecting of the public, work-
ers and patients from radiation. In the Decree of The Ministry of Social Affairs and 
Health on limiting public exposure to non-ionizing radiation 294/2002, STM issues ex-
posure limits of the non-ionizing radiation for the public. The SAR limits of the expo-
sure from electrical and magnetic fields in the frequency range of 100 kHz to 10 GHz 
can be seen in Table 2 below.  
 
Table 2. The maximum values of SAR in the exposure of electrical and magnetic fields in 
the frequency range of 100kHz-10GHz. The specific absorption rates in the table 
represent an average of SAR values in the time period of six minutes. Local SAR 
values are averaged over cubic volume of 10 grams. (STM 2002) 
Frequency 
range 
Average SAR of 
the body (W/kg) 
Local SAR 






0,08 2 4 
10MHz – 
10GHz 
0,08 2 4 
 
Under the Ministry of Social Affairs and Health operates the Radiation and Nuclear 
Safety Authority (STUK) as the main operator and supervisor of issues governed by 
radiation legislation, guidelines and safety regulations concerning radiation and nuclear 
safety. In addition to regulating the use of radiation in industry, health care, training and 
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research, STUK grants licenses for the use of ionizing radiation. (STUK web page 
2018) 
 
2.5 Radiofrequency beauty care appliances 
Radiofrequency electromagnetic fields can be used for multiple medical and beauty care 
purposes and usually the treatments are associated with some degree of local tissue 
heating. (Beasley et al. 2014, van Rhoon et al. 2013) Some appliances use RF-radiation 
to lift and tighten dermal tissue in esthetic care. In these treatments, an electrode is in 
contact with the skin, and alternating current flows from the tip of it to the tissue. Typi-
cally, the used frequencies of the alternating current are between 0.3 to 10 MHz (Sadick 
2008), thus they are on the RF bands of VLF, LF or MF. The duration of the treatment 
as well as the impedance of the tissues and the square of the intensity of the current de-
fine the amount of heat produced in the tissue (Sadick 2008).  
According to Alvarez et al. (2008) and Beasley et al. (2014), the RF skin rejuvenating 
treatments produce an electrical current in the tissue. This current generates heat be-
cause of the resistance in the dermis and subcutaneous tissues. Depending on the con-
ductive properties of the tissue and the shape and size of the electrode, a certain depth of 
the RF current is reached. (Alvarez et al. 2008, Beasley et al. 2014) Usually a gel is 
used to enhance the connection between the electrode and skin in these treatments. 
2.5.1 Monopolar, bipolar and multipolar RF appliances 
RF appliances can be into three different groups due to their working mechanisms, 
monopolar (also called unipolar), bipolar or multipolar. Monopolar RF appliances are 
systems, where the current flows from an active electrode through the body to a large 
grounding electrode which is placed on the skin quite far from the active electrode. The 
current finds the path of least resistance from the treatment area to the grounding elec-
trode. The energy of the current diminishes as the distance from the active electrode 
increases, so most of the heat is generated near the active electrode, in the surface. 
However, compared to bipolar appliances, the current penetrates deeper with monopolar 
RF appliances. (Beasley et al. 2014, Sadick 2008) 
In bipolar RF appliances, the two electrodes are at fixed distances from each other, in 
the same treatment handle. Therefore, both the positive and negative (active and 
grounding) electrodes are in contact with the skin area aimed to be treated and the alter-
nating current only travels through the tissue between these electrodes. The penetration 
depth of the current is said to be around half of the distance between the electrodes, but 
no reliable evidence proves this assumption. The advantage of the bipolar devices is the 
controlled distribution of the current in the tissues. (Beasley et al. 2014, Sadick 2008) 
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Multipolar RF appliances include both monopolar and bipolar treatment systems. Ac-
cording to Sadick (2008), a multipolar device can include a monopolar treatment handle 
for volumetric heating of the subcutaneous adipose tissue and also a bipolar treatment 
handle for non-volumetric heating of the dermis. (Beasley et al. 2014, Sadick 2008)  
2.5.2 RF beauty care services and appliances in the market 
The market of RF beauty care appliances is still quite poorly regulated. Some of the RF 
appliances are commercial and available for anyone, some devices are only available for 
beauty care professionals. According to Statistics Finland, there are around 4500 prem-
ises offering some kind of beauty care treatments in Finland. About 800 of these locate 
in Helsinki. (Statistics Finland web page 2018) Multiple operators can work in each 
beauty care salon, thus there are more than 4500 beauty care professionals in the coun-
try. 
There are no reliable statistics for the amount of different RF devices, retailers or beauty 
salons offering RF treatments in Finland. A coarse estimation of the RF treatment mar-
ket can be done according to the survey done by Pasi Orreveteläinen at Radiation and 
Nuclear Safety Authority. According to this survey and the Business Information Sys-
tem of Finland, there are around 1000 beauty care operators in Helsinki. This count in-
cludes also some inactive operators and salons, since all the information gathered on 
these premises was not updated nor further information could be found to ensure if 
these places were running or not. 
Websites could not be found for around half of these salons, so it is not known if they 
offer RF treatments or not. From the websites of the other half, it was discovered that 
around 60 places offered RF treatments as a part of their service. Some of the salons did 
not share the list of their services on their website. Thus, very reliable conclusions about 
the market of RF treatments in beauty salons cannot be drawn from this survey but a 
rough estimate is that at least around 10 % of the places offer some RF treatments with 
one or multiple devices. 
As a part of the survey, Orreveteläinen was in contact with some RF treatment device 
retailers of Finland and got some information on the most popular devices and trends on 
the market. Four different RF beauty care appliances were purchased for the laboratory 
of Non-ionizing radiation surveillance unit of STUK for research. These devices, listed 
in Table 3, represent a few popular types of appliances in the market, all being different 
either between their electrodes, working mechanisms, frequency or maximum power. 
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Table 3. A table of the properties of four different RF beauty care appliances purchased 
for the laboratory of Non-ionizing radiation surveillance unit of Radiation and 
Nuclear Safety Authority of Finland. The properties listed in the table are the 



















bipolar 50 W 1 10 Pulsed 
Weelko  
F-333 
monopolar 150 W 0,3 10 Both (adjustable) 
Nannic 
NBE500 





3. MATERIALS AND METHODS  
In this section, the materials and methods of the power measurements, temperature in-
crease measurements and numerical simulations of this study are discussed in detail. 
The power measurement set-up was developed to study the output signal and power of 
the RF beauty care appliance under review. The simulations with numerical model of 
the RF beauty treatment electrode were validated with the temperature increase meas-
urements and vertical SAR values obtained from them. The dosimetry of the RF expo-
sure was based on the numerical simulations.  
 
3.1 The RF beauty care appliance under review 
The laboratory of Non-ionizing radiation surveillance unit of Radiation and Nuclear 
Safety Authority had purchased four different RF beauty care appliances with different 
properties (see Table 3). The radiofrequency beauty care appliance chosen to be studied 
is a bipolar device called Panda Box (seen in Figure 4). Bipolar device was chosen over 
monopolar because greater part of the appliances are bipolar. As seen from the table 3, 
Panda Box is informed to have the highest frequency of these four devices, which 
makes the RF exposure measurements more reliable than at the lower frequencies, since 
there is no optimal tissue simulating liquid for very low frequencies. The higher the 
frequency, the more reliably properties of the simulation liquid mimic the properties of 
human tissue.  
The shape of the treatment electrode was also one criteria when considering the appli-
ance selection for the study. Panda Box has a round and simple design of the electrodes, 
making the measurements easier and more reliable than with more complex electrode 
designs. Nannic NBE500 appliance also has a ceramic coating in its electrode, that 
would complicate the measurements. Round shape of the electrodes is quite common 
within RF beauty care devices, thus when choosing Panda Box as the appliance under 
review, there are possibilities to broaden the results derived from this study to many 
other appliances.  
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Figure 4.  RF beauty care appliance Panda Box and its larger electrode, diameter 
of 3,4 cm.   
 
Panda Box is a bipolar RF skin care beauty device for skin rejuvenation. According to 
its manufacturer, the appliance is designed for face lifting, slimming purposes, wrinkle 
reducing and tightening and firming the skin. The Panda Box device used in this re-
search was purchased from Spacos Oy, which is a beauty care device retailer company 
in Finland. The parameters of the device are informed to be a RF treatment frequency of 
3 MHz and the energy density in the range of 15 to 25 J/cm2. The device came with two 
round shaped electrodes, with diameters of 3,4 cm and 1,2 cm. The device has 6 power 
levels and adjustable time frame between 1 and 10 minutes for the treatment. In this 
study, a term of device under test (DUT) is used when discussing about Panda Box. 
 
3.2 Power measurements of the RF appliance under review 
The RF signal of the DUT was investigated with power measurements. Using Tektronix 
DPO 2014B Digital Phosphor Oscilloscope and a resistive load, the frequency and 
shape of the output signal could be detected. The RF appliance was tested with all its 
power levels by connecting the treatment electrode to resistive load (as seen in Figure 5) 
between 100 and 1200 Ω with spacing of 100 Ω, to see if the signal varies in between. 
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Figure 5.   The power measurement set-up, where the signal of the DUT is investi-
gated using a resistive load and an oscilloscope. 
 
The wider treatment electrode of the DUT was connected to the changeable resistive 
load by a galvanic contact as seen on the left in Figure 5. The oscilloscope was connect-
ed to the resistive load, measuring the signal going through the resistors. From the sig-
nal seen in the oscilloscope, the working mechanisms of the DUT and duration of the 
pulses could be determined. A block diagram of the measurement set-up can be seen in 
Figure 6 below.  
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Figure 6.   Block diagram of the power measurement set-up.  
 
Also, the maximum output power of the DUT was determined with this measurement 
set-up. For each measurement with different load and the power level 6 of the DUT, the 
root mean square (RMS) voltage value was obtained from the active pulse of the signal 
with the oscilloscope. The maximum power over each measured resistive load was cal-
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3.3 Tissue simulating phantom of the temperature measure-
ments 
There was a need to construct a phantom for the temperature increase measurements. A 
phantom is determined to be a physical model or simulated biological body simulating 
the properties of the biological tissues. Phantoms can be used to study for example the 
interaction between the electromagnetic fields and the human tissue. The phantom crite-
ria for this study were the frequency range of the beauty care appliances, since the elec-
trical properties of the tissue depend on the frequency used, and the tissue type the 
phantom mimics. 
Human tissue can be divided into two primary types, the first being low-water content 
tissue such as bone and fat, and the other high-water content tissue such as brain, mus-
cle and skin. Low-water content tissue features low permittivity as well as low loss, 
when high-water content tissues have higher permittivity and loss. (Augustine 2010) 
Since skin is the main structure of the RF exposure in the beauty care treatments and the 
treatment electrodes are in contact with it, it was considered to be the main tissue type 
in this study. 
Therefore, a high-water content liquid mixture simulating physical properties of head 
and muscle tissue in the RF range from 20 MHz to 250 MHz around 22 degrees was 
used as an equivalent to human tissue. The liquid consists of water, non-ionic detergents 
(polyoxyethylenesorbitan monolaurate), salt and preservative (Preventol-D7), the 
weight per cents being 50-73 %, 25-50 %, 0-2 % and 0,05-0,1 %. Manufacturer of the 
mixture is Schmid & Partner Engineering AG (SPEAG), which provided a Measure-
ment Certificate of dielectric parameters as well as density and specific heat-capacity of 
the liquid. These parameters can be seen in Table 4. 
The test conditions used in the measuring of the parameters are informed to be a testing 
temperature of 22 degrees and air humidity below 70 %. The testing has been performed 
on 19th of July in 2017 by SPEAG. The dielectric parameters of the liquid are measured 
in the range of 20-250 MHz. The liquid is transparent and yellow with a pH within a 
range from 6 to 8. To avoid heat dissipation in temperature increase measurements, the 




Table 4. Density and specific heat capacity of the simulation liquid measured by SPEAG.  
 Simulation liquid Uncertainty 
Density (kg/m3) 1040 - 
Specific heat ca-
pacity (J/kgK) 
3570 ±5%, k=1 
 
The phantom was constructed as follows. Tissue simulating liquid was poured into a 
small homogeneous plastic cylindrically shaped transparent container representing a 
part of a human forearm, seen in Figure 7 below. The phantom shell is constructed of 
polymethylmethacrylate (PMMA) and it has an inner diameter of 74 mm, inner length 
of 200 mm and wall thickness of 3 mm. The hole in the cylinder is 154 mm long and 50 
mm wide. As the simulation liquid is viscous and therefore has a tendency to trap air 
bubbles, it brought some challenges in constructing the phantom. If the quantity of the 
air bubbles was too large, there was a need to wait for a short time for them to decrease.  
 
 
Figure 7.   A small plastic cylindrically shaped transparent container is used as a 
phantom after filled with the tissue simulation liquid.  
 
The density of the simulation liquid was determined using a Mettler AT261EL scale 
with an accuracy of 0,1 mg and volumetric flask of 50 ml with an accuracy of 0,06 ml. 
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The scale has been calibrated on 2nd of March 2017. 50 ml of the simulation liquid was 
measured into the volumetric flask and weighted with the scale, resulting a mass of 53,5 
g for the 50 ml of the liquid. Using a basic equation of the density being a division of 
mass and volume, a density (see Table 5) was derived for the used simulation liquid. 
An isoperibolic calorimeter, designed earlier by the Radiation and Nuclear Safety Au-
thority, was used to determine the specific heat capacity of the phantom liquid. The cal-
orimeter consists of a stainless-steel thermos flask with a volume of one liter, an electri-
cal heating coil, stirrer and three temperature sensors. The heating power of the calo-
rimeter is determined by measuring the voltage and current of the heating coil by using 
A/D converter and precision resistors. The heating power and temperature are controlled 
by a computer. (Lehto et al. 1998) 
The temperature sensors of the calorimeter were calibrated one month before the meas-
urements. The measurement system was first tested with deionized water and the results 
then compared to the literature value of the specific heat capacity of water to ensure the 
accuracy of the results. Five measurements for the simulation liquid were performed, 
and the average of the results was obtained for the specific heat capacity of the simula-
tion liquid, seen in Table 5. 
 
Table 5. Measured density and specific heat capacity of the simulation liquid.  




Density (kg/m3) 1070 - negligible 
Specific heat ca-
pacity (J/kgK) 
3640 177 J/kgK ±5,8%, k=2 
 
 
3.4 Temperature increase measurements 
The temperature increase measurements of the RF beauty care device were done to de-
rive the power absorbed into the simulation liquid and to determine the SAR of the de-
vice. In the temperature increase measurements, the DUT, tissue simulating phantom 
and the Dosimetric Assessment System optimized for SAR measurements and SAR 
compliance called DASY6 were used. DASY6 is a system for near-field evaluation, 
manufactured by Schmid & Partner Engineering AG. DASY6 integrates two software 
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solutions called DASY5 V5.2 and cDASY6 V6.2. For these measurements, DASY5 
V5.2 was used. The system is compatible with all international and national SAR stand-
ards and near-field testing requirements. (DASY6 Manual 2016) 
A model representing the tissue simulating phantom (seen in Figure 8) was constructed 
in SEMCAD X for both numerical simulations and these temperature increase meas-
urements. The model was imported into the DASY5 V5.2 system and the boundaries 
and coordinates of the phantom were taught to the robot; thus the robot was able to nav-
igate in and around the model without collisions.  
 
 
Figure 8. The software of the DASY6 robot. The model of the cylindrical plastic 
phantom is constructed in SEMCAD X and imported to the robot software to be 
used in the temperature increase measurements. The vertical cylinder in the fig-
ure represents the handle of the treatment electrode of the DUT in the measure-
ment set-up. 
 
T1V3/T1V3LAB Temperature Probe for Dosimetric and General Measurements, as 
well manufactured by Schmid & Partner Engineering AG, was attached on the robot. 
Direct SAR evaluations can be determined using its temperature rise features. The probe 
consists of a sensor with NTC and resistive wires (four wire system) and has build-in 
shielding against static charges. The temperature range of the probe is from 0 to 60 de-
grees with an accuracy of ± 2 %. Its sensitivity of SAR is 1 mW/g in head tissue solu-
tions with response time under 1 second. The probe has a very low interaction with the 
measured field and can be positioned with an accuracy of ± 0,1 mm with the robot. 
(DASY6 Manual 2016, Schmid & Partner Engineering AG web page 2018) 
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The temperature increase measurement process was constructed by first preparing the 
homogeneous tissue mimicking phantom as explained in the section 3.3. After import-
ing the phantom model into the DASY5 V5.2 software, the procedures needed in the 
temperature increase measurements could be constructed into the system. The DASY6 
robot can be controlled by the software procedures, thus the measurements can be partly 
automatized by the commands constituted in the software, like moving the temperature 
probe into a wanted location and executing the temperature measurements in a specific 
order. The temperature increase measurements were performed for two sources, the 
DUT and a constant wave (CW) output signal with a known output power.  
3.4.1 Temperature increase with the example RF appliance 
The measurement set-up for the temperature increase measurements of the example RF 
appliance can be seen in Figure 9 below. The larger treatment electrode of the DUT was 
placed above the phantom with a stative, the surface of the electrode touching the simu-
lation liquid like in the treatments it is touching the skin. When performing the meas-
urements, the maximum power level 6 of the DUT was used to obtain the maximum 




Figure 9.   The measurement set-up for the temperature increase measurements of 
the RF beauty care appliance. Yellow DASY6 robot is seen in the figure in the 
middle, white DUT on the left and its treatment electrode above the phantom, 
held by a stative. The black stick-like temperature probe T1V3 is held above the 
cylindrical phantom. 
 
The measurement set-up can also be seen in the block diagram below, in Figure 10. The 
temperature increase measurement procedures in the DASY5 V5.2 software were ad-
justed with a initialization period of 10 seconds, a heating time of 10 seconds and a sta-
bilizing time of 10 seconds after heating. During the heating time, the DUT was turned 
on and its RF radiation was heating the liquid. The temperature in the simulation liquid 
during the heating and stabilizing time was monitored with the temperature increase 
procedure and T1V3 probe. The measurement data was saved as a table containing the 
temperature values in Celsius degrees as a function of milliseconds. The temperature of 
the simulation liquid was also monitored after each measurement with a multimeter 




Figure 10. Block diagram of the temperature increase measurements of the 
DUT. 
 
The temperature rise measurements were local point measurements, meaning that a cube 
matrix needed to be constructed to derive an energy distribution graph from the data. 
Below the electrode, the closest point reached with the temperature probe was 4,1 mm 
from the surface of the electrode, straight beneath the origin of it. The maximum value 
of SAR is most likely to be found near the centrum of the electrode, so a finer grid was 
chosen in this vertical measuring direction. In the centrum, the temperature increase was 
measured in the vertical distances of 4.1, 5.7, 7.7, 11.7, 15.7 and 19.7 mm from the elec-
trode surface. 
When measuring the horizontal plane of the measurement matrix, the probe did not fit 
so close to the electrode. Therefore, a 7 x 7 points plane was measured horizontally on a 
distance of 8,0 mm from the electrode, the points being 5,4 mm part from each other. 
The measuring points in the matrix below the treatment electrode were designed so that 
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comparing the SAR distribution of the measurements, simulations and regulations 
would be simple.  
Therefore, as the exposure is evaluated from the averaged SAR value over 10 g cube in 
most of the regulations, the temperature increase measurements were obtained as a same 
size three-dimensional cubical scanning of 5 x 5 x 5 evenly spaced measurement points 
under the electrode, with 5,4 mm steps to all directions. The size of the cube is the same 
2,15 x 2,15 x 2,15 cm in this measurement cubical volume and the regulations using the 
10 g cube to express the exposure limits. 
From the temperature increase measurement data, the SAR values were determined for 
each point by using the Equation 3 and the specific heat constant measured for the simu-
lation liquid. The data obtained from DASY5 V5.2 software was processed with Mi-
crosoft Excel-program version 14.0, where it was averaged and analyzed with macros. 
With the macro code (seen in the Appendix 2) a simple moving average with a subset 
size of 100 was calculated for the temperature data to remove the noise. The code calcu-
lates estimates of the SAR-values by using the linest function of Excel to fit a line to the 
averaged data for different time periods during the heating of the liquid.  
The linest function chosen to be used when studying the results was the function fitted 
between a time period of 11-16 seconds. Using this particular linest data, the uncertainty 
of turning the heating on in the exact time of 10 seconds does not affect to the result as 
much as it would if using a linest function that was fitted starting straight from 10 sec-
onds. Also, the rising conduction of the heat in the liquid towards the end of the heating 
does not have such a significant impact on the results in this shorter time period, as it 
would have with a longer measurement period.  
3.4.2 Temperature increase with constant wave signal 
Temperature measurements were also done with a CW signal and the same treatment 
electrode. The measurement set-up can be seen in Figure 11 below. Unlike the unknown 
output power of the DUT in the previous measurements, the power of this set-up could 
be adjusted and monitored. The signal was generated with Agilent N5182A MXG Vec-
tor Signal Generator and amplified with Amplifier Research Model 75A400. Agilent 




Figure 11. The measurement set-up for the temperature increase measure-
ments of the treatment electrode with a constant wave as an output of the treat-
ment electrode, generated with signal generator and amplifier. The output pow-
er is measured with a power meter and adjusted to wanted level.  
 
The CW measurement set-up can also be seen in Figure 12 below as a block diagram. 
Otherwise the temperature increase measurements were performed in a same way than 
explained in the section 3.4.1 for the DUT measurements, but only the vertical line 
measurements were conducted. Similarly, the temperature increase was measured in the 




Figure 12. Block diagram of the temperature increase measurement with con-
stant wave as an output of the treatment electrode.  
 
With the results of the vertical measurements of the DUT and CW with the known out-
put power, the SAR values derived from the temperature increase of the liquid in certain 
measurement points can be compared. By scaling the curves of SAR values as a func-
tion of distance to the electrode, a scaling factor between these measurements can be 
found. Using the scaling factor and the known output power of the CW measurement 
set-up, the output power of the DUT can be calculated.  
With the CW measurement set-up, also the power reflected back from the treatment 
electrode was measured to solve the percentage of the output power absorbed into the 





3.5 Numerical simulations 
Numerical simulations were performed with the conformal FDTD solver of SEMCAD 
X software version 14.4.3, developed and provided by SPEAG. SEMCAD X simulation 
program calculates the SAR values in the medium by using the FDTD method ex-
plained shortly in the section 2.3.2. The SAR values are obtained by using the equation 
3. Thus, the RMS value of the local internal electric field strength in the medium due to 
the RF source modelled, as well as the conductivity and density of the medium are 
needed in the calculations. 
SAR is measured in two different models with the same source presenting the treatment 
electrode at the frequency of the DUT. First, SAR was measured over the same area and 
model than the set-up used in the temperature increase measurements, to compare the 
simulations with the temperature measurements and to validate the source used in the 
simulations. After the validation of the source, SAR was evaluated in a heterogeneous 
layer model representing human skin, fat and muscle.  
 
Homogeneous model 
The same cylindrical forearm numerical model used in the temperature increase meas-
urements (Figure 8) was used in the homogeneous model of the simulations, model seen 
in Figure 13. The yellow simulation liquid inside the cylinder phantom and a model of 
the treatment electrode of the DUT were added into the model. The treatment electrode 
was constructed of inner cylindrical electrode (diameter of 14 mm), surrounding outer 
electrode (diameter of 34 mm) and an insulator (thickness 1,5 mm) between them. The 
treatment electrode model was positioned in the middle of the cylinder phantom and on 
the surface of the simulation liquid. In the horizontal direction, the edge of the electrode 
was positioned in a 28 mm distance from the end of the phantom. An edge source was 
added from the outer electrode to the inner electrode with a power set to PDUT which 
was determined earlier. 
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Figure 13. Above: Simple cylinder model of the homogeneous forearm phan-
tom and the treatment electrode positioned in the 28 mm distance from the end 
of the cylinder. Treatment electrode is in contact with the liquid surface. Below: 
Voxeled numerical model of the homogeneous phantom. 
 
Since the dielectric parameters of the simulation liquid are measured in the range of 20-
250 MHz by SPEAG, there was a need to extrapolate the data to find out the liquid pa-
rameters in the frequency of the DUT. The measured density of the simulation liquid 
was used for the simulations. The insulator in the treatment electrode was assumed to be 
polyethylene, and the parameters of the material were obtained from the book Reference 
data for radio engineers (Reference data for radio engineers 1968, chapter 4 pp. 28-29). 
All the parameters used in the homogeneous model of the simulations can be seen in 
Table 6 below.  
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Table 6. The parameters of the materials in the homogeneous model used in the valida-
tion simulations representing the temperature increase measurement set-up of 







Simulation liquid 54 0,7 1070 
PMMA 2,6 0 1000 
Polyethylene 2,3 0 1000 
 
As the phantom shell has no conductivity, it can be thought to be insignificant in the 
simulations, thus a coarse grid was used for it. Higher grid was used in the treatment 
electrode and simulation liquid near the surface. The numerical model consisted of 
2,2*106 voxels in total.  
The simulated vertical SAR was compared to the measured vertical SAR to validate the 
treatment electrode used in the simulations. Also, the maximum 10 g average and 10 g 
average SAR below 8 mm depth were derived from the results. The 10 g average SAR 
below 8 mm depth was compared with the measured value of the same depth.  
 
Heterogeneous tissue model 
In the reality, human forearm is not a simple homogeneous structure and hence, it is 
difficult to model. As the electric field and local SAR do not depend on the shape of the 
exposed dielectric body that much (Toivonen et al. 2008), a simpler tissue layer model 
seen in Figure 14 was constructed for the simulations. The validated treatment electrode 
source used in the homogeneous simulations was also used in heterogeneous model to 
estimate the exposure in human tissues. A model of a treatment area with 2 mm thick 
skin layer, 8 mm thick fat layer and 40 mm muscle layer was constructed. The tissue 
layers comprised a cube of 10x10x5 cm and the skin thickness was a rough estimation 
on an average epidermis and dermis thickness based on the data from reference man of 
ICRP publication (Snyder et al. 1992 pp. 46-50).  
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Figure 14. Above: Heterogeneous tissue model, where the uppermost layer 
represents skin, below the skin lies fat and the lowest layer represents muscle 
tissue. Below: Voxeled numerical heterogeneous tissue model. 
 
The heterogeneous model consisted only of skin, fat and muscle tissue, since the simu-
lations showed that the local SAR in the muscle tissue was nearly zero, being under 1 % 
of the SAR in the surface. Therefore, adding for example some bone tissues into the 
model below the muscle would be insignificant considering the exposure distribution. 
Leaving the bone tissues out and by simplifying the structure, the required number of 
voxels was smaller and therefore memory and calculation time was saved. Thus, in this 
simplified model of human forearm, a high grid was used in the thin superficial layers 
of the skin and fat as voxel dimensions were adjusted to 0,2 mm. In the muscle layer, a 
lower resolution was utilized. In total, the numerical heterogeneous tissue model con-
sisted of 4,5*106 voxels. 
Heterogeneous simulations were conducted with the dielectric parameters of moist skin, 
since the cosmetic treatments are done by first applying some gel on the skin to enhance 
the coupling to the tissue. The parameters of moist skin represent this situation better 
than dry skin. The dielectric parameters of the tissues are based on the studies by Gabri-
el et al. 1996 (a,b,c) and obtained from the Andreuccetti et al. web page 2018. The pa-
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rameters of the tissues used in the layer model and the polyethylene insulator in the 
treatment electrode (Reference data for radio engineers 1968, chapter 4 pp. 28-29) can 
be seen in Table 7 below.  
 
Table 7. The parameters of the materials and tissues in the heterogeneous model used in 







Polyethylene 2,30 0 1000 
Moist skin 405 0,32 1100 
Fat 18,3 0,03 916 
Muscle 314 0,59 1040 
 
A power was set to PDUT and the energy distribution of the model was studied. Maxi-
mum 10 g average SAR value was derived from the results and compared with the cur-
rent exposure limits. In the public exposure limits of regulations, the limiting values of 
10 g average SAR are averaged over a 6 minutes time period. To compare to the limit-
ing values of the regulations (seen in Table 2), the simulated maximum 10 g average 
SAR value needs to be averaged over the same time period.  
To calculate a maximum time that the electrode of the DUT can be held in the same 
position without exceeding the current exposure limits, the limit value is multiplied with 
360 seconds (6 minutes) and then divided with the maximum 10 g average SAR of the 
simulations. To find out the speed which the electrode needs to be moved with, the di-
ameter of the treatment electrode is divided by the time it can be held at the same posi-
tion on the skin.  
 
3.6 Measurement uncertainty 
The standard uncertainty of the assessment of the RF exposure of the DUT is presented 
in Table 8. Due to the steep temperature gradient of the measurements, positioning of 
the T1V3 probe is estimated to be the largest factor of the uncertainty. The uncertainty 
of the FDTD method used in the simulations consist mostly of staircasing error of the 
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method. Staircasing causes discretization error as round shapes are calculated as square 
voxels. The combined standard uncertainty is estimated to be ±18,9 %. 
 








Accuracy of the T1V3 probe ±4,3 rectangular ±2,5 
Specific heat capacity of the liquid ±5,8 normal ±5,8 
Mass density of the liquid negligible normal 0 
Conductivity of the liquid ±2,5 normal ±2,5 
Relative permittivity of the liquid ±2,5 normal ±2,5 
Extrapolation error of liquid parame-
ters 
±5 rectangular ±2,9 
Positioning of the T1V3 probe ±18 rectangular ±10,4 
Temperature deviation in the liquid ±2 normal ±2 
Deviation of output power of the DUT ±8 normal ±8 
Reflected power ±2 rectangular ±1,2 
Noise from the DUT ±10 normal ±10 
Curve fitting of the measurement data  ±5 rectangular ±2,9 
Scaling factor of the output power ±5 rectangular ±2,9 
Accuracy of the FDTD method ±2 rectangular ±1,2 
Combined standard uncertainty   ±18,9 





In this section, the results of the power measurements and temperature increase meas-
urements of the DUT as well as temperature increase measurements of the CW set-up 
are presented. The section includes also the results of the homogeneous and heterogene-
ous numerical simulations. 
 
4.1 Power measurements of the RF appliance under review 
It was discovered from the power measurements of the DUT, that the signal of the ap-
pliance is pulsed and the output power is adjusted by adjusting the duty cycle of the 
signal. The signal consists of wave periods, where the system is active during a pulse 
and inactive in between. One wave period consists of one pulse and the inactive period 
before next pulse. With duty cycle, the active fraction of one period can be expressed as 
a percentage (duty factor). The duty cycle of the DUT is presented in Table 9 below. 
The frequency of the DUT was discovered to be 4,9 MHz instead of 3 MHz as stated in 
the manual. 
 
Table 9. Duty cycle of the six power levels of the DUT. Duty factor shows the active frac-












Power level 1 140 12,4 12,5 1,0 
Power level 2 270 12,3 12,6 2,1 
Power level 3 400 12,1 12,5 3,1 
Power level 4 520 12,1 12,6 4,1 
Power level 5 650 12,0 12,7 5,1 
Power level 6 810 11,7 12,5 6,4 
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The mean power (Pmean) of the DUT varies over the used resistive load, seen in Table 
10. The measured RMS values are the RMS values of one pulse, thus the power of one 
pulse (Ppulse) is derived from the average of the RMS values (URMS,pulse). Pmean is the 
mean power over time, taking into account the duty cycle of the DUT, thus Pmean is 
the real power of the device. 
 



















100 121 121 121 0 121,0 146,4 9,4 
200 137 139 139 1,2 138,3 95,7 6,1 
300 144 145 145 0,6 144,7 69,8 4,5 
400 145 148 149 2,1 147,3 54,3 3,5 
500 148 146 147 1,0 147,0 43,2 2,8 
600 153 151 154 1,5 152,7 38,8 2,5 
700 153 154 155 1,0 154,0 33,9 2,2 
800 154 152 156 2,0 154,0 29,6 1,9 
900 158 157 157 0,6 157,3 27,5 1,8 
1000 156 158 157 1,0 157,0 24,6 1,6 
1100 153 158 159 3,2 156,7 22,3 1,4 




4.2 Temperature increase measurements 
4.2.1 Temperature increase with the example RF appliance 
The temperature increase in the simulation liquid in the 4,1 mm depth during the 11-16 
seconds time was 1,2 Celsius degrees and 2,3 Celsius degrees during the whole heating 
period of 10-20 seconds. The measured 10 g average SAR below 8 mm depth was cal-
culated from the cubical measurements of the DUT and the value was 12 W/kg. Table 
11 shows the measured vertical SAR values of the DUT in the simulation liquid. The 
uncertainty of the results is ± 38 % (k=2). 
 
Table 11. Measured vertical SAR values below the origin of the DUT. 












4.2.2 Temperature increase with constant wave signal 
The temperature rise in the simulation liquid in the 4,1 mm depth during the 11-16 sec-
onds time was 0,8 Celsius degrees and 1,5 Celsius degrees during the whole heating 
period of 10-20 seconds. Table 12 shows the measured vertical SAR values of the CW 
set-up in the simulation liquid. The vertical results of the DUT and CW set-up are com-
pared in Figure 15. The uncertainty of the results is ± 38 % (k=2). 
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Table 12. Measured vertical SAR values below the origin of the treatment electrode in the 
CW measurement set-up. 











Figure 15 shows the measured vertical SAR values of the DUT and CW set-up as a 
function of the depth, respectively. As the power of the DUT is unknown, the CW set-
up measurement results (seen in green in the graph) were scaled to match with the re-
sults of the DUT measurements (seen in blue in the graph). The scaled data can be seen 




Figure 15. A graph presenting the vertical SAR values calculated from the 
temperature increase measurement data of the DUT and the CW set-up as a 
function of the distance from the electrode. In the graph, the vertical SAR values 
of the DUT can be seen in blue and values of the 5 Watts output CW signal in 
green. By scaling the CW data with the DUT data, a scaling factor of 1,54 could 
be defined.  
 
With the scaling factor obtained from this comparison of the data from these two meas-
urements, the output power of the DUT can be calculated by multiplying the known CW 
output power with the scaling factor. The measured reflected power needs to be sub-
tracted from this result of 7,7 W output power of the DUT (PDUT). The reflective power 
was around 0,6 W in the time period of 11-16 seconds which was used when calculating 
the SAR values from the temperature rise data. When taking the measured reflective 




4.3 Numerical simulations 
 
Homogeneous model 
The values of simulated maximum 10 g average SAR and 10 g average SAR below 8 
mm depth can be seen in Table 13. Also, the value of the cubical temperature measure-
ments is presented in the table, respectively. The uncertainty of the results is ± 38 % 
(k=2).  
 
Table 13. 10 g average SAR of the homogeneous simulations and temperature measure-
ments.  
 
Maximum 10 g 
average SAR 
(W/kg) 
Below 8 mm 
depth: 10 g aver-
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The validation of the treatment electrode is shown in Figure 16. The validation was 
done by comparing the measured and simulated vertical SAR values as a function of 




Figure 16. The vertical SAR values of the homogeneous simulations and tem-
perature measurements of the DUT as a function of the distance from the treat-
ment electrode. The numerical treatment electrode model was successfully vali-
dated by temperature increase measurements. 
 
Heterogeneous tissue model 
In Figures 17 and 18 the SAR distribution of the heterogeneous tissue layer model can 
be seen in horizontal and vertical orientation. In the Figure 17, the horizontal SAR dis-
tribution is represented in the middle line of the electrode. The largest SAR values can 
be seen in the skin layer, beneath the insulating material between the inner and outer 
electrode. Small local maximum SAR values formed beneath the edge of the outer elec-
trode in the skin. SAR decreases fast in the tissue layer model, and in the upper part of 
the fat layer (seen in the figure 17 as a middle layer) SAR is around 100 times smaller 
than the maximum values of 1*105 W/kg (corresponding 0 dB). In the muscle tissue the 




Figure 17. SAR distribution of the heterogeneous tissue model in y-direction, 
in the surface of the skin, right beneath the treatment electrode (the grey cylin-
der). 0 dB corresponds a SAR value of 1*105 W/kg. 
 
The Figure 18 represents a vertical SAR distribution in the surface of the skin, in 0,2 
mm distance from the electrode. The outermost ring seen in the figure is the local max-
imum SAR in the boarder of the outer electrode. In this vertical direction, the maximum 
SAR values can be seen circularly formed between the inner and outer electrode in the 
skin. 0 dB corresponds a maximum SAR value of 1*105 W/kg in the figure. The SAR 





Figure 18. SAR distribution of the heterogeneous tissue model in z-direction, 
in the surface of the skin right beneath the treatment electrode. 0 dB corre-
sponds a SAR value of 1*105 W/kg. 
 
The value of simulated maximum 10 g average SAR was 650 W/kg. This means that to 
follow the public exposure limits of the head and trunk (2 W/kg averaged over 6 minutes 
period), the treatment electrode of the DUT needs to be moved with a speed of 3,1 cm/s, 
meaning that it can be held in one place only for 1,1 seconds. For the public exposure 
limit of limbs (4 W/kg averaged over 6 minutes period), the treatment electrode needs to 
be moved with a speed of 1,5 cm/s, meaning that it can be held in one place for 2,2 sec-
onds. For workers the exposure limits are higher, 10 W/kg for head and trunk and 20 
W/kg for the limbs. Thus, the corresponding values for workers are 5,5 seconds and 0,6 
cm/s for head and trunk and 11,1 seconds and 0,3 cm/s for the limbs. The uncertainty of 




The beauty care appliance chosen to be studied has quite a small output power com-
pared to many other devices in the market. Even so, the exposure assessment of this 
appliance shows relevantly high SAR values of the maximum 10 g average SAR. In 
terms of the public exposure limits, it seems unlikely that the device would always be 
used without exceeding the exposure limits during treatments. As the beauty salons of-
fer for example facial RF treatments, the small area like face should be treated in the 
way that the electrode does not return to the same location twice during the treatment 
and is moved at least in the speed of 3,1 cm/s. However, also the worker exposure limits 
are considered safe and below the threshold of severe biological effects, and with these 
limits the treatments could better be performed within the allowable exposure. 
Assessing the temperature rise and effects of RF treatments in the tissue is harder, since 
the homogeneous simulation liquid is so far from the heterogeneous biological tissue 
with perfusion. The temperature rise in the homogeneous simulation liquid in the depth 
of 4,1 mm was 2,3 degrees when exposing time of ten seconds. However, we were not 
able to measure the temperature rise in the surface of the liquid, where according the 
homogeneous numerical simulations the SAR value is around 1,7 times the exposure at 
this measured depth of 4,1 mm.  
The specific heat constant of the used simulation liquid was 3640 J/kgK, which is in the 
range of the specific heat constants of porcine skin, fat and muscle seen in Table 1 
(Duck 1990 pp. 28 table 2.11). As the specific heat constant is not the only thermal fac-
tor influencing on the temperature rise, it is impossible to evaluate the real temperature 
increase in the biological tissue from the data obtained in this study. Thus, further inves-
tigations are still needed to evaluate the effects and safety of this device according to the 
thermal biological thresholds.  
If the power measurement set-up was developed further, it could be used as a moveable 
set-up for measuring the power of beauty care appliances in the beauty salons. The re-
sistors in this set-up represent human body and its impedance, of which the RF power 
connects to. The problems with the current measurement set-up are the unknown ca-
pacitive and inductive variables which effect on the connection. Also, the heating of the 
resistors reduces the repeatability of these measurements as it changes the properties of 
the resistors.  
With further investigations, the capacitive and inductive variables of the power meas-
urement set-up could possibly be determined to eliminate the effects of them from the 
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results of the system. The set-up could also be developed by finding a way of reducing 
the wires of the system and using better resistors with less capacitive and inductive 
components, if possible. The measured maximum power of the DUT with the power 
measurement set-up was 9,4 W and the power absorbed into the simulation liquid 
around 7,1 W. It could be possible to find a scaling factor between the measured power 
and the absorbed power, but that would require further studying and additional meas-
urements with multiple bipolar devices. Also, the connection to the simulation liquid 
versus the skin should be evaluated so that a scaling factor would work for this purpose. 
Further investigations are also needed on how the gel on the skin improves the connec-
tion of the RF current and skin comparing to dry skin. 
Thus, the moveable measurement set-up for the power measurements of the beauty care 
appliances would give only a coarse estimation on the maximum power that would be 
absorbed into the tissues of the customer. This is of course due to the fact that a human 
body is such a complex structure, that it is impossible to develop a simple moveable 
measurement system representing body extremely well. In addition to the different 
characteristics of the tissue impedance of individuals, based on the measurements of 
Chatterjee et al., it seems that the impedance of the human body is inversely proportion-
al to the dimensions of the body (Chatterjee et al. 1986). Therefore, the exposure from 
the beauty care appliances vary between individuals and body sites and cannot be pre-
cisely evaluated with this kind of set-up. 
However, for surveillance purposes this kind of a moveable measurement set-up would 
offer a useful tool to estimate the safety of devices according to the exposure limits. As 
the Finnish Radiation Act is being renewed and should take effect during 2018, and 
beauty care appliances will be included in this law, the possibility to develop the sur-
veillance of the field is important.  
The results of this study consider only one bipolar beauty care appliance, but many dif-
ferent devices with varying power and shapes and sizes of the electrodes exist in the 
market. The exposure to the tissues can be better evaluated by modeling different treat-
ment electrodes. After measuring the power of these different bipolar devices with the 
power measurement set-up, the measured approximation of the output power can be 
used in the simulations. From the results of this study we now know that the numerical 
simulations constructed this way are quite valid.  
To make reliable temperature increase measurements on the frequency range of these 
appliances, external factors such as the properties of simulation liquid, reproducibility 
of probe positioning and the heating time need to be taken into account. The used simu-
lation liquid of SPEAG is the only commercially available low-frequency simulation 
liquid, therefore it was chosen to be used even though it is designed for a frequency 
range of 20-250 MHz. There is indeed a real need for designing a better liquid for the 
frequency range of the RF beauty care devices in the future. The steep vertical tempera-
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ture gradient of the measurements sets challenges for the probe positioning since a 
slightest error in the vertical direction leads to a major error in the results. The same 
effect would occur if the dimensions of the probe are too large, so it is essential to 
choose a small probe to obtain a small measurement volume to reduce the measurement 
error coming from the steep gradient. A short heating time reduces the error coming 
from the convection of the heat in the simulation liquid. 
However, the uncertainty of the temperature increase measurements is quite high, since 
multiple challenges were faced considering the suitability of the measurement equip-
ment for this kind of study. The major factor of the uncertainty was the positioning of 
the T1V3 probe since although the accuracy of the probe movement is informed to be 
0,1 mm ± 2,5 % by SPEAG, the DASY5 V5.2 software has some restrictions consider-
ing the angles the probe is allowed to be moved. As in these measurements it would be 
important to reach as shallow depth as possible under the treatment electrode to measure 
the maximum temperature rise, the optimum position for the probe would be vertically 
towards the electrode.  
This vertical orientation of the probe is not possible without some complex adjustments 
like a specialized phantom with a hole and seal in the bottom, since the electrode needs 
to be on the surface of the liquid. Thus, without some kind of special equipment, the 
probe should be quite horizontally oriented. At the time of the measurements, the soft-
ware allowed to use minimum 135 degrees angle and 110 degrees when asked for more 
mobility from the manufacturer. This led to the fact that the measurements could not be 
performed nearer the electrode than the mentioned depth of 4,1 mm.  
Another challenging factor causing uncertainty to the measurements was the substantial 
amount of noise from the RF appliance measured. As there was a large amount of noise 
in the temperature measurement data, there was a need to use simple moving average 
and Excel linest functions to remove it. Averaging the data always increases the uncer-
tainty of the results. The extrapolation of the dielectric properties data of the simulation 
liquid also caused a minor increase in the uncertainty of the exposure assessment, but 
this factor is not so significant on the results as a small error in these parameters does 
not affect SAR values that much.  
To study the impact of variations between individuals for this RF appliance, additional 
simulations are needed for varying skin and fat thicknesses. As the distribution of the 
RF energy in the simulations of this study was really superficial, it would be beneficial 
to study if different thicknesses of tissues change this behavior. If the distribution is 
deeper in these additional simulations, also the exposure of some complex models of 
human body parts or the whole body can be simulated with this treatment electrode 
source. With this kind of investigation, the possible maximum exposure for the DUT 
can be further ensured.  
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In addition to the changing Finnish Radiation Act, IEC is preparing a new standard on 
safety of household and similar electrical appliances called IEC PT 60335-2-115: Par-
ticular requirements for beauty care appliances (IEC web page 2018). One active mem-
ber of the project is Pasi Orreveteläinen from STUK. As there are only very few studies 
on the beauty care appliances, the results of this study offer very significant information 
about the RF exposure and possible range of the temperature rise resulting from the 
treatments. This information is used for the preparation of the standard. 
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6. CONCLUSIONS 
The dosimetry of the RF exposure of the beauty care appliance chosen to be studied was 
based on simulations with numerical models, which used a power obtained from tem-
perature increase measurements. The numerical beauty care treatment electrode model 
was successfully validated by temperature increase measurements in homogeneous liq-
uid phantom. The simulated maximum 10 g average SAR was 650 W/kg ± 38 % (k=2), 
meaning that when considering the public exposure limits, the treatment electrode can 
be held in one place for 1,1 seconds in head and trunk area and 2,2 seconds in limbs. 
The power measurement set-up developed for measuring the output power of RF beauty 
care appliances gives only a coarse estimation on the power. This set-up can be used for 
getting more information on the appliances for surveillance use, but it still needs to be 
developed further to obtain more reliable estimations on the exposure of the device be-
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0,3 4690 9,20 0,72 
1 3030 4,88 0,82 
3 1080 5,45 0,98 
5 596 6,27 1,04 
10 280 7,04 1,10 
Bone (cortical) 
0,3 191 6,70 0,02 
1 145 3,03 0,02 
3 83,3 2,29 0,03 
5 58,9 2,23 0,04 
10 36,8 2,09 0,04 
Fat 
0,3 44,1 33,6 0,02 
1 27,2 16,6 0,03 
3 20,9 7,43 0,03 
5 18,2 5,32 0,03 
10 13,8 3,81 0,03 
Grey matter 
0,3 1570 5,55 0,15 
1 860 3,41 0,16 
3 565 2,09 0,20 
5 459 1,78 0,23 
68 
10 320 1,64 0,29 
Heart 
0,3 4580 3,33 0,25 
1 1970 2,99 0,33 
3 760 3,24 0,41 
5 494 3,26 0,45 
10 293 3,07 0,50 
Muscle 
0,3 5230 4,66 0,41 
1 1840 4,92 0,50 
3 522 6,52 0,57 
5 308 6,88 0,59 
10 171 6,49 0,62 
Skin (dry) 
0,3 1090 0,11 0,002 
1 991 0,24 0,01 
3 746 0,51 0,06 
5 579 0,69 0,11 
10 362 0,98 0,20 
Skin (wet) 
0,3 6010 1,44 0,14 
1 1830 2,17 0,22 
3 643 2,73 0,29 
5 398 2,94 0,32 
10 222 2,97 0,37 
White matter 
0,3 982 5,49 0,09 
1 480 3,83 0,10 
69 
3 285 2,50 0,12 
5 232 2,03 0,13 
10 176 1,62 0,16 
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APPENDIX 2: MICROSOFT EXCEL MACRO CODE 
Sub temperature_increase_makro() 
' 
' temperature increase measurement Macro 
' 
 
    Columns("D:D").Select 
    Selection.Insert Shift:=xlToRight, CopyOrigin:=xlFormatFromLeftOrAbove 
    ActiveCell.FormulaR1C1 = "=RC[-1]/1000" 
    Range("D1").Select 
    Selection.Copy 
    Range("C1:C2").Select 
    Selection.End(xlDown).Select 
    Range("D11666").Select 
    Range(Selection, Selection.End(xlUp)).Select 
    ActiveSheet.Paste 
    ActiveWindow.LargeScroll Down:=-1 
    Selection.End(xlUp).Select 
    Rows("1:7").Select 
    Application.CutCopyMode = False 
    Selection.Insert Shift:=xlDown, CopyOrigin:=xlFormatFromLeftOrAbove 
    Range("C5").Select 
    ActiveCell.FormulaR1C1 = "Time (ms)" 
    Range("D5").Select 
    ActiveCell.FormulaR1C1 = "Time (s)" 
    Range("E5").Select 
    ActiveCell.FormulaR1C1 = "Temp (°C)" 
         
     
     
    ' moving average 
    Range("F5").Select 
        ActiveCell.FormulaR1C1 = "Moving average (°C)" 
    Range("F8").Select 
     Application.Run "ATPVBAEN.XLAM!Moveavg", ActiveSheet.Range("$E$8:$E$11673") _ 
        , ActiveSheet.Range("$F$8:$F$11673"), 100, False, False, False 
     
     
     
    ' adding data for example specific heat 
    Range("B1").Select 
    ActiveCell.FormulaR1C1 = "Power On (s)" 
    Range("B3").Select 
    ActiveCell.FormulaR1C1 = "Power Off (s)" 
    Range("C1").Select 
    ActiveCell.FormulaR1C1 = 10 
    Range("C2").Select 
    ActiveCell.FormulaR1C1 = 10 
    Range("C3").Select 
    ActiveCell.FormulaR1C1 = 20 
    Range("C4").Select 
    ActiveCell.FormulaR1C1 = 20 
    Range("D1").Select 
    ActiveCell.FormulaR1C1 = "Temperature min" 
    Range("D2").Select 
    ActiveCell.FormulaR1C1 = "Temperature max" 
    Range("E1").Select 
    ActiveCell.FormulaR1C1 = 20 
    Range("E2").Select 
    ActiveCell.FormulaR1C1 = 24 
     
     
    Range("G1").Select 
    ActiveCell.FormulaR1C1 = "SAR Moving average" 
    Range("G2").Select 
    ActiveCell.FormulaR1C1 = "min T[°C]" 
    Range("G3").Select 
    ActiveCell.FormulaR1C1 = "min t[s]" 
    Range("I1").Select 
    ActiveCell.FormulaR1C1 = "W/kg" 
     
    Range("K1").Select 
    ActiveCell.FormulaR1C1 = "c[J/kg°C]" 
    Range("K2").Select 
    ActiveCell.FormulaR1C1 = "max T[°C]" 
    Range("K3").Select 
    ActiveCell.FormulaR1C1 = "max t[s]" 
     
    Range("H2").Select 
    ActiveCell.FormulaR1C1 = "=R[3339]C[-2]" 
    Range("H3").Select 
    ActiveCell.FormulaR1C1 = "=R[3338]C[-4]" 
    Range("L2").Select 
    ActiveCell.FormulaR1C1 = "=R[5006]C[-6]" 
    Range("L3").Select 
    ActiveCell.FormulaR1C1 = "=R[5005]C[-8]" 
   
     
     
    ' Copying the specific heat value for calculations 
    Range("L1").Select 
    ActiveCell.FormulaR1C1 = 3635.22 
     
    'Calculating the SAR moving average value 
    Range("H1").Select 
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    ActiveCell.FormulaR1C1 = "=RC[4]*(R[1]C[4]-R[1]C)/(R[2]C[4]-R[2]C)" 
    Range("H2").Select 
     
         
     
    ' Linest and sar for period of t=11-16s 
    Range("AB8").Select 
    ActiveCell.FormulaR1C1 = "Linest 11-16s" 
    Range("AB9:AC10").Select 
    Selection.FormulaArray = _ 
        "=LINEST(R3675C[-23]:R5341C[-23],R3675C[-24]:R5341C[-24],TRUE,TRUE)" 
    Range("AB11").Select 
    ActiveCell.FormulaR1C1 = "SAR [W/kg]" 
    Range("AC11").Select 
    ActiveCell.FormulaR1C1 = "=R[-2]C[-1]*R1C12" 
     
     
    ' Linest data and difference% of linest & temp 
     
    ' Linest 11-16 s 
    Range("AG5").Select 
    ActiveCell.FormulaR1C1 = "Linest 11-16 s T [°C]" 
    Range("AG8").Select 
    ActiveCell.FormulaR1C1 = "=R9C22*RC[-29]+R9C23" 
    rownum = rownum - 1 
    lastrow = "AG" & rownum 
    rowsnum = "AG8:" & lastrow 
    Range("AG8").Select 
    Selection.Copy 
    Range("AG8:AG11673").Select 
    ActiveSheet.Paste 
     
    Range("AH5").Select 
    ActiveCell.FormulaR1C1 = "Difference (linest 11-16s/raw temp) [%]" 
    Range("AH8").Select 
    ActiveCell.FormulaR1C1 = "=(RC[-29]/RC[-1]-1)*100" 
    lastrow = "AH" & rownum 
    rowsnum = "AH8:" & lastrow 
    Range("AH8").Select 
    Selection.Copy 
    Range("AH8:AH11673").Select 
    ActiveSheet.Paste 
     
     
     
     
    'drawing a chart 
    Range("D5:E7").Select 
    Range(Selection, Selection.End(xlDown)).Select 
    ActiveSheet.Shapes.AddChart.Select 
    ActiveChart.ChartType = xlXYScatterSmoothNoMarkers 
    ActiveChart.SetSourceData Source:=Range("$D$8:$E$11673") 
    ActiveChart.PlotArea.Select 
    ActiveChart.ChartArea.Select 
    ActiveChart.Axes(xlValue).Select 
    ActiveChart.ChartArea.Select 
    ActiveChart.Axes(xlValue).Select 
    'ActiveChart.Axes(xlValue).MinimumScale = 0 
    ActiveChart.Axes(xlValue).MinimumScale = 20 
    'ActiveChart.Axes(xlValue).MaximumScale = 30 
    ActiveChart.Axes(xlValue).MaximumScale = 24 
     
     
     
    ' adding moving average values into the chart 
    ActiveChart.Axes(xlValue).Select 
    ActiveChart.SeriesCollection.NewSeries 
    ActiveChart.SeriesCollection(2).Name = "=""averaged""" 
    ActiveChart.SeriesCollection(2).XValues = Range("$D$107:$D$11673") 
    ActiveChart.SeriesCollection(2).Values = Range("$F$107:$F$11673") 
     
     
    'adding linest into the chart 
    ActiveChart.Axes(xlValue).Select 
    ActiveChart.SeriesCollection.NewSeries 
    ActiveChart.SeriesCollection(3).Name = Range("$AG$5") 'linest 11-16s 
    ActiveChart.SeriesCollection(3).XValues = Range("$D$8:$D$11673") 
    ActiveChart.SeriesCollection(3).Values = Range("$AG$8:$AG$11673") 
    ActiveChart.SeriesCollection(3).Select 
    With Selection.Format.Line 
        .Visible = msoTrue 
        .Weight = 1 
    End With 
    ActiveChart.SeriesCollection(1).Name = "raw data" 
     
     
    
     
    'Power On 
    ActiveChart.Axes(xlValue).Select 
    ActiveChart.SeriesCollection.NewSeries 
    ActiveChart.SeriesCollection(6).Name = Range("$B$1") 'power on 
    ActiveChart.SeriesCollection(6).XValues = Range("$C$1:$C$2") 
    ActiveChart.SeriesCollection(6).Values = Range("$E$1:$E$2") 
    ActiveChart.SeriesCollection(6).Select 
    With Selection.Format.Line 
        .Visible = msoTrue 
        .Weight = 1 
    End With 
     
    'Power Off 
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    ActiveChart.Axes(xlValue).Select 
    ActiveChart.SeriesCollection.NewSeries 
    ActiveChart.SeriesCollection(7).Name = Range("$B$3") 'power off 
    ActiveChart.SeriesCollection(7).XValues = Range("$C$3:$C$4") 
    ActiveChart.SeriesCollection(7).Values = Range("$E$1:$E$2") 
    ActiveChart.SeriesCollection(7).Select 
    With Selection.Format.Line 
        .Visible = msoTrue 
        .Weight = 1 
    End With 
     
     
     
    'Moving and scaling the chart 
    ActiveChart.ChartArea.Select 
    ActiveSheet.Shapes("Chart 1").ScaleWidth 1.407291776, msoFalse, _ 
        msoScaleFromTopLeft 
    ActiveSheet.Shapes("Chart 1").ScaleHeight 1.5260418489, msoFalse, _ 
        msoScaleFromTopLeft 
    ActiveSheet.Shapes("Chart 1").IncrementLeft 346.5 
    ActiveSheet.Shapes("Chart 1").IncrementTop 124.5 
    ActiveWindow.SmallScroll Down:=9 
 
 
     
     
End Sub 
 
